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INTRODUCTION

The goal of our research supported by the USAMRMC was to further understand the molecular
regulation of neuronal death and to identify novel neuroprotection strategies. This objective is
fundamental to the Department of Defense and military operations ranging from veteran health care to
combat casualty care. This objective is also highly significant for civilian populations as it relates to
sporadic and familial neurodegenerative disease and terrorism situations. Neuronal degeneration occurs in
many acute and chronic neurological disorders that effect humans and can occur in civilian and military
personhel populations. In combat settings, acute neurodegeneration in the brain and spinal cord could
occur after exposure to radiation and a variety of neurotoxins, including excitotoxins (e.g., glutamate
receptor agonists), mitochondrial poisons (cyanide and 3-nitroprpopionic acid), and chemical warfare
agents such as organophosphate compounds (soman) and mycotoxins (T-2 toxin). Acute neurological
injury is also caused by trauma, hypoxia-ischemia (stroke and cardiac arrest), increased intracranial
pressure, seizures and status epilepticus, with secondary brain damage resulting from hemorrhagic shock,
hypovolemia, hypoxia, hypoglycemia, acidosis, hyperthermia, and asphyxiation. Chronic
neurodegeneration occurs in Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), Huntington’s
disease, and Parkinson’s disease. Veterans of the Gulf Wars may have an increased incidence of ALS
(Charatan, 2002).

The development of effective neuroprotection therapies for these neurodegenerative conditioris
depends on a better understanding of the principles of selective vulnerability within the central nervous
system (CNS) and the mechanisms of neuronal cell death. Our primary goal is to learn about the
molecular and biochemical regulation of neuronal cell death using animal and cell culture models of
neurodegeneration. Cells can die in different ways. This fundamental idea was proposed first in the early
1970s (Kerr et al., 1972; Schweichel and Merker, 1973). Historically, the death of cells has been
classified generally as two distinct types, called apoptosis and necrosis. These two forms of cellular
degeneration were originally classified differently because microscopically they differ structurally. The

ordered dismantling of selective cells by apoptosis (derived from a Greek word for ‘dropping of leaves
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from trees’) contrasts with the indiscriminant destructiveness of necrosis. Cell death resulting from
cytoplasmic swelling and karyolysis has been classified traditionally as necrosis. Currently, the Society of
Toxicologic Pathologists recommends the replacement of the term “necrosis” with the term “oncosis”,
reserving the former to describe dead cells in histological sections regardless of how they died (Levin et
al., 1999). Apoptosis was later considered as an example of programmed cell death (PCD) that is a
genetically driven form of cell suicide. More recent studies have shown that there are many other routes
to cell death, including non-apoptotic PCD and autophagy. The distinctions between different forms of
cell death are now becoming blurred with the proposal that cell death could exist as a continuum with
apoptosis and necrosis at opposite ends of this continuum (Portera-Cailliau et al., 1997a,b; Martin et al.,
1998). Apoptosis and necrosis are two forms of neuronal cell death that are particularly relevant to the

pathobiology of neurodegeneration iff acute and chronic neurological disorders (Martin, 2002; Appendix)

and were the focus of this work.

BODY
Hypothesis 1: Neuronal apoptosis in the mammalian CNS has molecular characteristics of
programmed cell death (PCD). '

Remote degeneration of neurons after cortical injury has molecular characteristics of PCD
Neurons in the brain are believed to undergo cytoskeletal changes and retrograde degeneration as a
secondary result of target deprivation caused by trauma and stroke and as a primary degenerative process

in ALS, Parkinson’s disease, and Alzheimer’s disease (Martin et al., 1998). To gain insight into the
mechanisms of progressive neuronal injury and secondary brain démage, we have studied animal models
of axotomy and target deprivation. Ablation of the visual neocortex induces retrograde neuronal

- degeneration in the dorsal lateral geniculate nucleus (dLGN) of thalamus. The geniculocortical projection
neurons die by a morphological process that is unequivocal apoptosis (Al-Abdulla et al., 1998; Al-
Abdulla and Martin, 2002). This cell death is preceded by an accumulation of apparently active

mitochondria in the perikaryon and might emerge with oxidative damage to genomic DNA of the highly



Lee J. Martin
DAMD17-99-1-9553
Final Report
vulnerable projection neurons (Al-Abdulla and Martin, 1998). Unilateral ablation of the occipital cortex
in rat and mouse results in unequivocal end-stage neuronal apoptosis in the dLGN at 6-7 days postlesion
(Martin et al., 2001; Appendix). We tested the hypothesis that p53 and Bax regulate this neuronal
apoptosis. We found using immunocytochemistry that p53 accumulates in the nucleus of neurons destined
to undergo apoptosis. By immunoblotting, p53 levels increase (~150% of control) in the LGN by 5 days
after occipital cortex ablation. In nuclear-enriched subcellular fractions, p53 is activated (~3-fold) in the
ipsilateral LGN at 5 days postlesion, as shown by DNA binding assay. The levels of procaspase-3
increase at 4 days postlesion, and caspase-3 is activated prominently at 5 days postlesion. To identify if
neuronal apoptosis in the adult brain is dependent on p53 and Bax, cortical ablations were done on
genetically engineered mice. In p53” mice, the severity of neuronal apoptosis is significantly attenuated
(~34%) compared to wildtype mice, and in bax” mice neuronal apoptosis in the dorsal LGN is
completely blocked. From these experiments we concluded that: 1) retrograde neuronal death in the adult
thalamus after cortical injury is deﬁnitély apoptosis and has molecular characteristics of PCD; 2) neuronal

apoptosis in the adult CNS requires Bax, and 3) p53 modulates neuronal apoptosis in the adult brain, but

apoptosis can also occur independent of p53-mediated mechanisms (Martin et al., 2001; Appendix).

Death proteins in adult dLGN have differential subcellular localizations that change during
apoptosis in vivo

We studied the molecular regulation of target deprivation-induced neuronal apoptosis (Martin et al.,
2003, Appendix). Apoptosis is a structurally and biochemically organized form of cell death. The basic
machinery of apopto;is is conserved in yeast, hydra, nematode, fruitfly, zebrafish, mouse, and human
| (Ameisen, 2002). Several families of apoptosis-regulation genes have been identified in mammals.
Apoptotic cell death is controlled by the Bcl-2 family (Merry and Korsemeyer, 1997), the caspase family
of cysteine-containing, aspartate-specific proteases (Wolf and Green, 1999), the p53 gene family (Levrero
et al.,, 2000), death receptors (Nagata, 1999), and other apoptotgenic factors, including cytochrome c. The

bcl-2 protooncogene family is a group of apoptosis regulatory genes encoding for proteins defined by at
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least one-conserved Bcl homology domains (BH1-BH4 can be present) that function in the protein-
protein interactions (Merry and Korsemeyer, 1997). Of these genes, b¢l-2, bcl-x1, and boo are
antiapoptotic, whereas bax, bcl-xs, bad, bak, bid, bim, and bik are proapoptotic. The relative levels of cell
death proteins were evaluated in different subcellular compartments in adult rat dLGN. Bax
immunoreactivity (IR) was much higher in the soluble protein compartment compared to the
mitochondria-enriched membrane compartment (Martin et al., 2003, Appendix). In mitochondrial
fractions a distinct doublet was observed, corresponding to the detection of «-Bax and B-Bax at 21 and 24
kDa, respectively. The levels of a-Bax and 3-Bax in the adult dLGN were similar (Martin et al., 2003,
Appendix). In contrast to Bax, Bak was much more enriched in the mitochondria-enriched membrane
compartment compared to the soluble protein compartment (Martin et al., 2003, Appendix). Bad was
enriched in the soluble protein compartment relative to the mitochondrial corhpartment of the dLGN but
was increased in the mitochondria-enriched compartment after injury (Martin et al., 2003, Appendix). The
synchronized apoptosis of dLGN projection neurons occurs in association with differential subcellular
changes in ptoapoptotic molecules (Martin et al., 2003, Appendix). Bax increases in mitochondria within
1 day after target deprivation, while Bak increases later after about 4 days. Few studies have -
demonstrated such a rapid (within 1 day) redistribution of Bax during apoptosis of neurons or of cells in
general. Very few studies have addressed the role of Bak in neuronal apoptosis. In CNS neurons, Bax and
Eak show an increased level and subcellular redistribution during targét deprivation-induced apoptosis,
but, interestingly, the timing of the changes is different for these two proapoptotic molecules (Martin et
al., 2003). Bax may be a rapid-response protein, whereas Bak may be a delayed-response protein. Bax
and Bak may have coordinated hierarchical or independent functions during neuronal apoptosis.
Translocated Bax in mitochondria may coalesce with Bak into mitochondria-associated clusters during

apoptosis, supporting the idea of a coordinated participation of these two molecules. Bak may therefore

be involved in reinforcing the cell death process after Bax engages the process in CNS neurons.
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Bad showed an early sustained increased (Martin et al., 2003, Appendix). Neurons are dependent on
target or afferent derived neurotrophic factors for survival. Withdrawal of neutrophins results in neuronal
apoptosis. Some neurotrophins possess antiapoptotic activity by interacting with membrane tyrosine
kinase receptors linked to phosphoinositide-3 kinase (PI-3 kinase) (Franke et al., 1997). Activation of PI-
3 kinase leads to activation of proteih kinase B (PKB/Akt) by phosphorylation. Active Akt

phosphorylates Bad at serine'*®

(del Peso et al., 1997) causing phospho-Bad to disassociate from Bcl-2 or
Bcl-X| within mitochondrial membranes and to translocate to the cytosol where it is sequestered by
protein 14-3-3. This process allows Bcl-2 and Bcl-X, to exert their antiapoptotic function(s). Until now
we have assumed that occipital cortex ablation induces an in vivo state of target deprivation and |

- neurotrophin withdrawal of dLGN neurons, but, other than the apoptosis of these neurons, evidence to
support this assumption has not been forthcoming. The finding that Bad undergoes an early sustained
increased in the dLLGN, particularly in the mitochondria-enriched fraction, suggests that its
phosphorylation and cytosolic sequestration by 14-3-3 are diminished, supporting the propositioﬁ that this
CNS lesion is an in vivo model of neurotrophin withdrawal-induced neuronal apoptosis.

Cleaved caspase-3 was elevated maximally at 5 and 6 days (Martin et al., 2003, Appendix). Active
caspase-3 underwent a subcellular translocation to the nucleus. A dramatic phosphorylation of p53 was
detected at 4 days postlesion. Nevertheless we provide some new information on an unsuspected early
phase caspase-3 activation and a later phase nuclear translocation of biochemically active caspase-3.
Moreover, the presence of cleaved caspase-3 may not be equivalent to the presence of biochemically
active caspase-3. It is interesting that the increased activity seen at 1 day postlesion in the soluble fraction
did not appear to‘ require additional formation of cleaved subunit;. In addition, the massive increase in
cleaved caspase-3 in nuclear fractions at 6 days postlesion did not have a corresponding increase in
activity. Our previous in vitro data suggests that apoptosis of cortical neurons can involve caspase-3
changes without additional cleavage after an apoptotic stimulus (Lesuisse and Martin, 2002b). It is
possible that the early events of apoptosis of mature neurons can be engaged without the formation of

additional caspase-3 subunits via proteolysis of proenzyme and that preexisting low levels of cleaved
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caspase-3 can play a role, along with other proteins such as Bax, to initiate the death process. Many
proteins appear to interact with cleaved caspase-3, as shown by cross-linking experiments, and
constituitively cleaved caspase-3 might be regulated by interacting proteins (Lesuisse and Martin, 2002b).
‘In healthy normal cells, cleavéd caspase-3 might interact with possible endogenous inhibitor proteins or
the subunits may be folded or assembled as inactive enzyme. In this state constitutive cleaved caspase-3
would be inactive and could not execute the apoptotic process. Thus, a rapid increase in caspase-3 activity
in mature neurons might occur by mechanisms other proteolytic cleavage of proenzyme, while later
events in the apoptotic process, possibly occurring in the nucleus such as activation of DNA
fragmentation pathways, appear to require recruitment of additional subunits by proteolysis. Howe.ver, at
near endstage apoptosis cleaved caspase-3 appears to loose its biochemical activity as suggested by our
results at 6 déys. This result is consistent with the accumulation of cleaved caspase-3 in cellular fragments
and apoptotic debris of cortical neurons in vitro (Lesuisse and Martin, 2002b) as well as striatal neurons
(Lok and Maﬂin, 2002) and dLGN neurons (Natale et al., 2002) in vivo. The functions of caspase-3 in
nervous tissue may be even more complicated than previously realized, as suggested by the transient
increase in caspasé-3 activity in the nonlesioned dLGN at 5 days postlesion, where no loss of neurons
occurs but astroglial activation and induction of p53 in astrocytes has been observed (Martin et al., 2001).
By immunoelectron microscopy we have found cleaved caspase-3 at synaptic sites in the adult brain

(unpublished observations). In this regard, caspase-3 may function in synaptic plasticity and regeneration

rather than cell death.

Phosphorylated pS3 accumulates in the nucleus during neuronal apoptosis

Cells that have sustained DNA damage from reactive oxygen species (ROS) and other genotoxic
agents undergo apoptosis by engaging rﬁolecular cascades involving expression or activation of p53, Bcl-
2 family members, and caspases (Polyak et al., 1997). p53 regulates target-deprivation-induced neuronal
apoptosis in the dLGN because p53”- mice show less neuronal loss than p53** mice (Martin et al., 2001).

A critical question that remains to be elucidated is how DNA damage is communicated to pS3 so that it
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2 phosphoryated p53 accumulates in dLGN neurons

becomes activated and functional in neurons. Serine
during their degeneration and this p53 has eﬁhanced DNA binding activity (Martin et al., 2001). We have
also found massive accumulation of serine'*-phosphorylated p53 in the dLGN during apoptosis (Martin et
al., 2003). Phospho-p53°"® levels were dramatically elevated in nuclear fractions of the ipsilateral LGN .
at 4 days postlesion. The increase remained present at 5 days postlesion. At 6 days postlesién ipsilateral
levels were not different from contralateral levels. The phosphorylation of p53 at the serine-15 site was
specific for the nucleus because phospho-p53°'® was not detected in the soluble fraction. This
accumulation was maximal at 4 days after injury, at a time when neurons with accumulated single-

stranded DNA (ssDNA) were most numerous (Martin et al., 2003).

The tempo of neuronal apoptosis is accelerated in the immature brain

The thalamus is a major site of remote neurodegeneration after cortical damage in adult humans and
experimental animals. In the adult brain occipital cortex ablation results in degeneration of
geniculocortical projection neurons within the dLGN by apbptosis (Al-Abdulla et al., 1998; Martin et al.,
2001; Natale et al., 2002), but less is known about thalamic responses to cortical injury in the immature
brain. The structural emergence of this apoptosis and its time course are very synchronous, and the
process is accelerated in the immature brain. In the adult brain the cell death process is nearly complete
~ by 14 days postlesion, with the bulk of the geniculocortical neuronal apoptosis occurring during the first 7
days postlesion. In the newborn brain the apoptotic process takes 2 days. In newborn mouse Fluorogold- |
prelabeling showed the apoptosis of thalamocortical projection neurons at 36-48 hours after cortical
injury (Natale et al., 2002). The structural progression of apoptosis in the immature dLGN reveals typical
chromatolytic morphology by 18-24 hours, followed by cytoplasmic shrinkage and chromatin
condensation characteristic of end-stage apoptosis after 36-48 hours. Electron microscopy (EM)
confirmed the presence of apoptosis (Natale et al., 2002). This study showed internucleosomal DNA
fragmentation and expression of cleaved caspase-3 occurs rapidly, being noted first at 18 hours, well

before the peak of apoptotic cell death occurring at 36 hours after cortical damage in the immature brain

10
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(Natale et al., 2002). These data suggest that axotomy/target deprivation-induced cell death in the

immature brain differs from that previously reported in adult mice with respect to the time required for

progression to cell death.

Delayed secondary neuronal apoptosis occurs after hypoxia-ischemia

Apoptosis of thalamic neurons can oceur days after stroke and cardiac arrest. We found that thalamic
neuron apoptosis in the rat brain after hypoxia-ischemia (HI) is structurally identical to the apoptosis of
thalamic neurons after cortical damage (Northington et al., 2001a; Appendix). We also detected apoptotic
cell death in some neuronal groups that are not typically regarded as selectively vulnerable to ischemia
(Martm et al., 2000). For example, subsets of granule cells in the dentate gyrus, subsets of granule cells in
the cerebellar cortex, and certain neurons in thalamic nuclear groups appear apoptotic. In addition,
prominent apoptotic death of white matter oligodendrocytes occurs after HI. The presence of apoptotic
death in these groups of cells after global ischemia is possibly related secondarily to target deprivation or
to axonal degeneration in response to ischemic degeneration of selectively vulnerable populations of
neurons. The apoptosis in thalamic neurons after HI in rat is associated with a rapid increase in the levels
of the Fas death receptor and caspase-8 activation (Northington et al., 2001b; Appendix). Concurrently,
the levels of Bax in mitochondrial-enriched cell fractions increase. Increased levels of Fas death receptor
and Bax and activation of caspase-8 in the thalamus precede the marked activation of caspase-3 and the
occurrencé of neuronal apoptosis. Thus, as in nonneural tissues, the mechanisms for neuronal apoptosis in
different in vivo settings can differ in upstream signals, but they converge on common downstream

mechanisms (i.e., the participation of Bax and caspase-3).

Rapid subcellular redistribution of Bax precedes caspase-3 and endonuclease activation during
excitotoxic neuronal apoptosis
Excitotoxic activation of glutamate receptors is a common pathophysiological mechanism of

neurodegeneration. Neurotoxic activation of glutamate receptors is believed to occur in traumatic brain

11
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injury, cerebral ischemia, epilepsy, ALS, Huntington’s disease, and Parkinson’s disease (Martin, 2001).
The brain damage induced by excitotoxicity has features of apoptosis and necrosis (Martin, 2002). The
precise mechanisms of excitotoxic neuronal apoptosis in vivo have not been identified specifically.
Neurons in the immature rodent CNS undergo massive apoptosis in response to glutamate receptor
excitotoxicity (Portera-Cailliau et al., 1997a,b). Apoptosis is much more prominent after excitotoxic
injury in the immature brain compared to the mature brain (Portera-Cailliau et al., 1997b). Intrastriatal
administration of kainic acid (KA) in newborn rodents causes copious apoptosis of striatal neurons
(Portera-Cailliau et al., 1997a,b), serving as an unequivocal model of apoptosis in neurons that are
selectively vulnerable in Huntington’s disease. This apoptosis has been verified structurally with light
microscopy and EM and by immunolocalization of cleaved caspase-3 (Lok and Martin, 2002). Ubiquitous
apoptosis is observed at 24 hours after the iﬁsult. DNA degradation by internucleosomal fragmentation
further confirms the presence of apoptosis. Excitotoxic neuronal apoptosis is associated with rapid (within
2 hours after neurotoxin exposure) translocation of Bax and cleaved caspase-3 translocate to mitochondria
(Lok and Martin, 2002). We evaluated if caspase-3 is proteolytically cleaved during excitotoxic neuronal
apoptosis (Lok and Martin, 2002). The levels of cleaved caspase-3 increase in striatum after KA lesions.
Caspase-3 cleavage was detected with two antibodies that bind different epitopes. Formation of cleaved
caspase-3 was most prominent between 12 and 24 hours after neurotoxin exposure. Cleaved caspase-3
undergoes an early redistribution into the mitochondrial-enriched fraction by 2 hours postlesion followed
by. a later increase in the soluble fraction af 12-24 hours. This early translocation of caspase-3 is a very
novel finding for neuronal apoptosis. An immunolocalization analysis of cleaved caspase-3 was done
during excitotoxic neuronal apoptosis (Lok and Martin, 2002). In the striatum of naive and PBS-injected
P7 pups, only occasional isolated cells showed cleaved caspase-3 IR, consistent with previous
observations demonstrating a low level of naturally occurring developmental PCD at this time (Martin,
2001). At 12 hours after intrastriatal injection of KA, a marked increase in cleaved caspase-3 was found
throughout the striatum, while much less cleaved caspase-3 was visualized in the non-lesioned striatum.

Caspase-3 accumulated in the cytoplasm and nucleus of neurons showing nascent chromatin condensation

12
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at 12 hours. At 24 hours after KA, cleaved caspase-3 was detected in many cells with clearly
distinguishabie apoptotic nuclei and was also present in cellular debris within the neuropil, while the
nonlesioned striatum had rare staining. The prominent formation of cleaved caspase-3 occurred between 6
and 12 hours after the injury, because at 6 hours after the KA lesion the ipsilateral striatum showed only
faint staining, and, at 12 hours, the staining for cleaved caspase-3 was intense.

This study (Lok and Martin, 2002) revealed that the ratio of mitochondrial Bax to soluble Bax in
normal developing striatum changes prominently with bréin maturatiop. Newborn rat striatum bas a much
greater prbportion of Bax in the mitochondrial fraction with lower levels of soluble Bax. Mature rat
striatum has a much larger proportion of Bax in the soluble fraction and low amounts of Bax in the
mitochondrial fraction. With brain maturation there is a linear decrease in the ratio of mitochondrial Bax
to soluble Bax. This developmental subcellular redistribution of Bax might be related to the observation

that immature neurons exhibit a more robust classical apoptosis response compared to adult neurons after

brain damage (Martin, 2001).

Apoptosis in young and old cortical neurons has different structural, biochemical, and molecular
signatures

Neurons in the cerebral cortex are very sensitive to injury. Neocortical neurons degenerate after
hypoxia-ischemia, trauma, neurotoxin exposure, and seizures. We have used animal models of
neurodegeneration (e.g., excitotoxins, hypoxia-ischemia) to study cortical neuron pathology, but the
mechanisms are difficult to pinpoint in vivo due to the inherent complexity of nervous system tissue. We
developed a mouse cortical neuron culture system to study mechanisms of apoptosis in neurons (Lesuisse
and Martin, 2002a,b). |

Exposure of neurons to the topoisomerase inhibitor camptothecin (CPT) causes apoptosis of neurons
(Lesuisse and Martin, 2002a,b Appendix). Apoptosis assays included internucleosomal fragmentation of
DNA, morphology, and caspase-3 activation. The timing and magnitude of DNA fragmentation were

different in immature (DIV5) and mature (DIV30) neurons. DIVS neurons showed DNA fragmentation

13
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after 24 hours of CPT. With 24 and 48 hours treatment, long exposures were necessary to visualize a
ladder. In contrast, DIV30 neurons, treated with the same concentrations of CPT, showed prominent
internucleosomal DNA fragmentation by 8 hours of treatment, peaking at about 24 hours. EM confirmed
that mouse cortical cultures treated with CPT at DIV5 and DIV30 were morphologically apoptotic
(Lesuisse and Martin, 2002b). The morphology of the chromatin condensation was different at the two
ages. The nuclear morphology in the majority of apoptotic DIVS neurons was similar to classical
apoptosis with the formation of uniformly round chromatin masses (Martin et al., 1998; Martin, 2002).
Apoptosis in DIV30 neurons was different because large irregularly-shaped chromatin masses were
formed.

Mitogen-activated protein kinase (MAPK)/extracellular-regulated protein kinase (Erk) signaling is
diﬁerent in immature and mature cortical neurons during apoptosis (Lesuisse and Martin, 2002b).
Erk42/44 phosphorylation occurs in mature neurons during apoptosis but not in immature neurons.
Phosphorylated Erk42/44 was not detected in the different subcellular fractions of control DIVS néurons,
and no phosphorylation of Erk42/44 occurred in DIVS neurons after CPT exposure. In contrast, phospho-
Erk was detected in control DIV30 neurons and was increased dramatically (over 10-fold for soluble
Erk44) after CPT, occurring aﬁér 4 h of treatment and remaining at high levels until 8 h aﬁd then
decreasing. We examined the levels of full-length MEKK 1 and putative proapoptotic MEKK1 fragments
in nontreated and CPT-treated cortical neuron cultures. Full-length MEKK1 (~160-197 kDa) promotes
cell survival, whereas cleaved MEKK1 (~72-95 kDa) promotes apoptosis (Cardone et al., 1997; Widmann
et al., 1998). Caspase-3 generates MEKK1 C-terminal fragments that have constitutively active
proapoptotic kinase activity (Cardone et al., 1997). CPT-treated DIVS neurons at 15 and 24 h generated
several cleavage products of MEKK 1. These cleavage products had sizes (~70-95) that were similar to the
reported sizes of the active kinase fragments of MEKK(1 that induce apoptosis (Cardone et al., 1997).
There was an inverse relationship between the levels of MEKK1 fragments and fuli-length MEKK1,
supporting the conclusion that the immunoreactive proteins at' ~70-95 kDa are derived from cleavage of

MEKX(1 holoenzyme. The formation of MEKK 1 C-terminal fragments coincided with the formation of

14
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cleaved caspase-3 in immature neurons. The level of MEKK 1 fragments at ~70-95 kDa remained
unchanged during apoptosis in mature neurons, while the level of fiill-length MEKK1 decreased during
apoptosis.

Caspase-3 activation is different in immature and mature cortical neurons during apoptosis (Lesuisse
and Martin, 2002b). Caspases-3 was evaluated in subcellular fractions of control neurons and CPT treated
neurons. Cleaved caspase-3 was evaluated in subcellular fractions of control neurons and CPT treated
neurons. In control neurons, cleaved caspase-3 was found primarily in the nuclear fraction with two
different antibodies. Control neurons at DIVS5 and DIV30 had similar low levels of constitutively cleaved
caspase-3 in nuclear fractions. In immature neurons exposed to CPT the levels of cleaved caspase 3
subunits (17-19 kDa) progressively increased in nuclear fractions between 4-24 hours and abruptly
increased between 8 and 24 hours in pellet fractions. In contrast, the levels of cleaved caspase-3 did not
change in nuclear and pellet fractions of mature neurons after CPT.

Hypothesis 2: Mitochondria accumulate and release cytochrome ¢ within neurons during
apoptosis.
Mitochondria accumulate at perinuclear sites in thalamic neurons during apoptosis

Mitochondria are potent generators of apoptotic stimuli (e.g., ROS) and they serve as reservoirs for
apoptotic protease activating factors such as cytochrome c. The mitochondrion integrates death signals .
mediated by proteins in the Bcl-2 family and releases molecules residing in the mitochondrial
intermembrane space, such as cytochrome c, that activate caspase proteases leading to internucleosomal
cleavage of DNA. We found that mitochondria accumulate in neurons destined to undergo apoptosis at
preapoptotic stages of degeneration. This change may be a general feature of apoptosis in neurons
because we have found it in thalamic neurons (Al-Abdulla and Martin, 1998; Northington et al., 2001b,c,
Appendix) and motor neurons (Martin and Liu, 2002a, Appendix) during apoptosis in animal models and
in human ALS motor neurons (Martin, 2002, Appendix). This perinuclear accumulation of mitochondria

has been shown quantitatively by EM and by localization of mitochondrial proteins using
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immunocytochemistry and enzyme histochemistry. The mechanisms and consequences of this
preapoptotic perinuclear accumulation of mitochondria in neurons need to be studied.
There may be several possible consequences that result from the perinuclear accumulation of
mitocondria. Accelerated oxidative damage to genomic DNA may occur (see Hypothesis 3 below), and
~ proapoptotic factors may be released. We found that cytochrome ¢ undergoes an intraéellular
redistribution in apoptotic neurons (Martin and Liu, 2002a). We directly visualized and quantifed
cytochrome c in different subcellular compartments specifically in neurons by immuno-EM early. in the
apoptotic process (Martin and Liu, 2002a). Prior to the structural emergence of apoptosis total
cytoplasmic cytochrome c levels increased significantly (147% of contralateral), but the level of
mitochondrial-associated cytochrome ¢ immunoreactivity in injured neurons was not different from
control. As the apoptotic structure emerged, total cytoplasmic cytochrome c levels were elevated further
(170% of control), while mitochondrial-associated cytochrome ¢ was decreased (73% of control) in
injured neurons. In neurons with a definite apoptotic structure, mitochondrial cytochrome ¢ levels were
only 20% of control, while the level of diffusely distributed cytoplasmic cytochrome ¢ was 281% of

control. These experiments showed that mitochondria accumulate and release cytochrome ¢ very early

during neuronal apoptosis (days before end-stage apoptosis).

Bax translocates rapidly to mitochondria early during excitotoxic neuronal apoptosis

The levels of Bax in mitochondrial-enriched and soluble fractions were analyzed during the
progression of excitotoxic neuronal apoptosis (Lok and Martin, 2002). Bax levels decreased in the soluble
fraction but increased correspondingly in the mitochondrial-enriched fraction early after KA exposure.
The increase in Bax within the mitochondrial fraction was maximal within 2 hours after KA. This
prominent change at 2 hours after KA was confirmed with two antibodies that detect different épitopes on
Bax. Cytochrome c oxidase subunit 1 IR decreased progressively with time after KA. The loss of
mitochondrial marker was most marked at 24 hours after KA, consistent with the prominent end-stage

" apoptosis found at this time point.
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Hypothesis 3: Neuronal apoptosis in vivo evolves in association with oxidative stress.

Neuronal degeneration can be triggered by oxidative stress, defined as the generation of reactive
oxygen species (ROS)/ reactive nitrogen species (RNS) and their attack on cellular molecules. Superoxide
and hydroxyl radicals and hydrogen peroxide (H,0,) are common ROS. Nitric oxide (NO) and its
derivatives peroxynitrite (ONOO") and nitrous anhydride (N,O;) are common RNS. ROS/RNS are
constantly formed during normal cellular metabolism. These toxic chemicals can damage protein, lipids, .
and nucleic acids. Interestingly, some of these radicals have key physiological functions as well. For
example, NO functions in neurotransmission, blood flow regulation throughout the body by modulating
guanylate cyclase activity and possibly by covalent modification (S-nitrosylation) of proteins, and in
immune defense. Cells have evolved a variety of elaborate antioxidan£ defense enzyme systems to
attenuate or neutralize the toxicity of ROS/RNS, including superoxide dismutases, catalase, and
glutathione peroxidase. Superoxide dismutases converts superoxide radical to H,O, and which is then
decomposed by catalase and glutathione peroxidase.

The production of ROS/RNS is increased during apoptosis. NMDA receptors and NO generétion
might activate two different toxic pathways. One pathway of NO toxicity is based on presynaptic actions.
NO, acting as a retrograde messenger, stimulates exocytotic release of neurotransmitter from synaptic
vesicles, thereby potentiating glutamate release. A second pathway for NO toxicity is based on the
findings that enzymatically produced NO can undergo a variety of nonenzymatic reactions with thiols,
metals, and superoxide. NO reacts with superoxide to form ONOO". The rate constant of the NO-
superoxide reaction is 6.7 x 10° M s, which is ~3.5 time > than that for the superoxide dismutase-
catalyzed decomposition of superoxide. ONOO' can nitrate or hydroxylate protein tyrosine residues,
oxidize thiols, or decompose into hydroxyl radical. The possible cytotoxic consequences of ONOO™
production include protein damage, DNA damage, poly (ADP-ﬁbose) synthase activation and subsequent
depletion of NAD" and ATP, and mitochondrial damage. The targets of ONOO' in neurons remain to be

fully identified. We found that the key neuronal enzyme NA,K ATPase is a target for ONOO™ (Golden et
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al., 2003). We also found that ONOO" is a potent DNA damaging agent in neurons by inducing the
formation of single-strand breaks, double-strand breaks, and abasic sites (Martin and Liu, 2002b).

DNA damage caused by oxidative stress is a potent signal for cell death (Levine, 1997). Neurons
sustain DNA damage (e.g., hydroxyl radical adducts or single-strand breaks) after cerebral ischemia
(Martin et al., 2000) and mechanical injury such as axotomy/target deprivation and trauma (Al-Abdulla
and Martin, 1998; Martin and Liu, 2002) and in ALS, Alzheimer’s disease, and Parkinson’s disease. The
mechanisms of DNA damage-induced apoptosis in postmitotic cells such as neurons are not understood.
The possibility of a pivotal role of oxidative stress-induced DNA damage in human pathobiology
underscores the essential need for methods to detect and measure different forms of DNA lesions and
their repair in specific populations of cells. Biochemical methods lack cellular resolution. Flow cytometry
and terminal deoxynucleotidyl transferase-mediated 3° dUTP nick end labeling are popular methods for
determining DNA damage with cellular resolution but they lack the ability to distinguish specific types of
DNA lesions.

The comet assay, also known as single cell gel electrophoresis (SCGE), has been used before to
identify genomic DNA damage in eukaryotic cells on a single cell basis. The types of DNA lesions
detectable by comet assay include SSB, alkali-labile sites (AP sites) and DSB. We used this sensitive and
quantitative method for profiling specific DNA lesions induced by neurotoxic agents directly in neurons.
The goals of these experiments were to develop a new method to isolate neurons, and, then apply the
comet assay to evaluate the vulnerability of the neuronal genome to ROS (Liu and Martin, 2001a,b).

'DNA damage was profiled in isolated adult mofor neurons (MN) exposed in vitro to H,O,, NO donor,
and ONOO™ using the comet assay (Martin and Liu, 2002b). The formation of different types of genomic
DNA lesions induced in neurons by NO donor and ONOO™ was profiled by varying pH conditions in the
. comet assay. The use of different pH conditions during SCGE is a validated approach for discriminating
AP sites and strand breaks. A pH of 13, 12, and 7.4 was used to detect alkali-labile AP sites, SSB, and
DSB, respectively. MN accumulated DNA-SSB (pH 12) with exposure to the NO donor NONOate. AP

sites (pH 13) did not accumulate significantly. The presence of DNA-SSB in MN was dynamic. DNA-
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SSB accumulated rapidly in MN, occurring within 30 min exposure and then increased further over the
subsequent 30 min, with ~60% of the cells showing DNA damage at 60 min exposure to 100 uM
NONOate. In contrast, ONOO™ rapidly induced the formation of alkali-labile sites within 15 min
followed by an accumulation of DNA-SSB as alkali-labile sites dissipated. Moreover, ONOO™ potently

induced DNA-DSB (pH 7.4) quickly (within 15 min) in neurons.

DNA damage accumulates rapidly in dLGN nc;urons after target deprivation

Because p53 was activated in the dLGN at 4 days postlesion, LGN neurons were evaluated for DNA
damage at early postlesion time points (Martin et al., 2003, Appendix). DNA damage was assessed with 2
different markers. 8-hydroxydeoxyguanosine (OHdG) IR was seen in the nucleus and cytoplasm of dLGN
neurons. It has been shown previously that the intensity of cytoplasmic and nuclear immunolabeling
detected with OHAG antibodies can be altered respectively by RNase and DNase pretreatment and by
preadsorption of antibody with 8-hydroxyguanosine and 8-hydroxy-2-deoxyguanosine, indicating
hydroxyl adduct modified RNA and DNA (Al-Abdulla and Martin, 1998; Martin et al., 1999). Both the
overall intensity of staining in labeled neurons and the number immunopositive neurons changed in the
dLGN after target deprivation (Martin et al., 2003). The number of neurons with nuclear OHdG IR was
increased in the ipsilateral dLGN at 1 through 5 days postlesion. The increase was progressive between 1
and 3 days, peaking at 3 days, and then the number of immunopositive neurons declined. Immunostaining
for ssDNA was found primarily in the nucleus, with much fainter cytoplasmic labeling . The number of
neurons with ssDNA was also increased in the ipsilateral dLGN. ssDNA-positive neurons were higher
than control at 1 through 4 days postlesion. A maximal level was found at 4 days postlesion,

corresponding to the spike in p53 phosphorylation (Martin et al., 2003).

Motor neuron degeneration in ALS may be oxidative stress-induced, pS3-mediated apoptosis
The degeneration of MN in ALS may be a form of apoptosis (Martin, 1999). This idea is based on

morphological and biochemical findings. A staging scheme for the structural progression of MN death
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has been devised (Martin, 1999). This staging arrangement reveals that MN degeneration in ALS may be
a nonclassical form of apoptosis. After an initial chromatolytic stage, MN progressively undergo attrition
of the cell body and dendrites that culminates in a residual MN of only ~20% of normal diameter. During
somatodendritic attrition, both the cytoplasm and the nucleus become condensed and dark, consistent with
apoptosis. The nuclear condensation in ALS MN differs from classical apoptosis because the chromatin is
not discretely organized into uniformly round, dense clumps as in animal models of neuronal apoptosis.
The terminal transferase-biotinUTP nick-end labeling (TUNEL) method was used to identify when
nuclear DNA fragmentation commences during the staging of MN degeneration in ALS. DNA
fragmentation is detected in MN at the somatodendritic attrition and apoptotic stages of neuronal death
but not in MN in the chromatolytic stage of degeneration. DNA fragmentation is also found in subsets of
pyramidal neurons in ALS motor cortex, but not somatosensory cortex. Immunoblotting experiments of
subcellular fractions have shown that Bax and Bak protein levels are increased and Bcl-2 protein level is.
decreased in selectively vulnerable motor regions, but the levels of Bel-X; are unchanged (Martin, 1999).
The biochemical activity of caspase-3 activity is increased sélectively in ALS MN regions (Martin, 1999).
A DNA fragmentation factor endonuclease is activated, and internucleosomal fragmentation of genomic
DNA can be found (Martin, 1999). These findings lead to the hypothesis that an inappropriate re-
emergence of a PCD mechanism, involving cytosol-to-membrane and membrane-to-cytosol
redistributions of cell death proteins, participates in ﬁe pathogenesis of MN degeneration ALS (Ma.rtin,
1999). However, precise structure-molecular correlations are needed to validate this MN degeneration
. staging scheme, and the protein expression data lack rgsolution for MN-specific abnormalities, despite the
use of a micropunch tissue sampling method for anterior horn and motor cortex. There is non-neuronal
cell contamination in the samples. The resolution and MN specificity in these experiments need to be
enhanced using laser capture microdissestion.
Even if MN in ALS die through some form of apoptosis, this outcome might be too late in the
degenerative process for antagonism of apoptotic pathways to have any major therapeutic benefit for

individuals with ALS. Therefore, it is vital to explore upstream mechanisms for MN degeneration. DNA
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damage could be involved in the pathogenesis of ALS (Bradley and Krasin, 1982). A key DNA lesion is
OHAG. OHAG is a mutagenic lesion. Most DNA polymerases fail to recognize this mismatch, resulting in
base transversions (Norbury and Hickson, 2001). Immunolocalization experiments have shown that
OHJG lesions occur directly in ALS .MN (Martin, 2001).

The accumulation of DNA damage in MN could be a stimulus for MN degeneration in ALS. This idea
is supported by the finding that p53 is activated in MN in human ALS. By immunoblotting, p53 levels
increase in vulnerable regions in individuals ALS (Martin, 2000). p53 accumulates specifically in ALS
MN. This p53 is functionally active because it is phosphorylated at serine® and has increased DNA
binding activity (Martin, 2000, 2001).

The accumulation of DNA damage in ALS could also signify perturbations in DNA repair processes.
However, the number of studies on DNA repair in ALS is few. We studied the expression and function of
the class II apurinic/apyrimidinic endonuclease (APE) in ALS CNS has been studied (Shaikh and Martin,
2002). This protein is interesting to ALS because APE functions as a redox factor (redox factor-1, Ref-1)
that facilitates the DNA-binding of transcription factors through redox modulation. APE protein levels

and repair activity are increased in ALS MN regions, supporting the possibility that DNA damage is an

upstream mechanism for MN degeneration.

RNS attack of the NA,K ATPase «3 isoform does not occur during striatal neuron necrosis after
hypoxia-ischemia (HI)

Sodium-potassium ATPase (Na, K ATPase) is a ubiquitous cell membrane enzyme vital in the neuron
for establishment of cellular volume and the resting membrane potential. In regions of the brain (striatum,
thalamus, hippocampus, and somatosensory cortex) selectively vulnerable to HI, high levels of Na/K
ATPase activity are present. Furthermore, in our animal model of HI and recovery, we have shown a
biphasic pattern of Na, K ATPase inactivation in the striatum (Golden et al., 2001). Enzyme activity

acutely decreases at 3 hours post-injury, recovers to near sham control values at 6 h, and then declines to
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~55% of control throughout the remainder of recovery. The mechanism by which this inhibition of Na, K
ATPase occurs may involve ROS.

ONOO" has been described as a potential mediator of cell death in pathological processes.‘ In our
piglet model of HI, we demonstrated that neuronal death in the striatum occurs via necrosis, with a burst
of oxidative stress and extensive tyrosine nitration of cellular proteins, which serves as a marker of
ONOO™ modification (Martin et al., 2000). We tested the hypothesis that striatal Na, K ATPase is
vulnerable to direct, ONOO-mediated attack and that protein nitration in vivo emerges with the known
pattern of enzyme inactivation during recovery from HI (Golden et al., 2003). In vitro, reaction of ONOO’
(100-500 pM) with purified Na, K ATPase produced nitration of the o (catalytic) and 3 (transport)
subunits, as quantified by immunoblots of the reaction products for nitrotyrosine. To evaluate for ONOO
damage to Na, K ATPase in vivo, striatal plasma membrane fractions from piglets subjected to asphyxic
cardiac arrest and recovery were also studied by immunoprecipitation. During the progression of striatal
neurodegeneration and loss of enzyme function 3-24 hours after arrest, nitration of the o3 (neuronal)

isoform of Na, K ATPase was not increased relative to sham control. We conclude that Na, K ATPase is

a target of ONOO, but that this mechanism is not responsible for enzyme inactivation after HI.

Hypothesis 4: Antioxidant and caspase inhibitor treatments prevent neuronal apoptosis.

We believe that DNA damage is an early upstream signal for neuronal apoptosis. This hypothesis is
supported by our earlier work and the experiments conducted during the first and second years of this
project. For example, thalamic neurons (Al-Abdulla and Martin, 1998) and motor neurons (Martin et al.,
1999) sustain hydroxyl radical damage to DNA during apoptosis. Furthermore, using SCGE, we have
identified recently that DNA-SSB occur very early in the progression of neuronal apoptosis (Liu and
Martin, 2001a,b,). This DNA damage found in vivo has the same fingerprint as the DNA damage caused
by ROS (Liu and Martin, 2001a,b). We have also found that apoptosis of thalamocortical projection

neurons requires the presence of the Bax gene and is modified by a functional p53 gene (Martin et al.,
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2001), and that motor neuron death after nerve avulsion is p53- and Bax-dependent apoptosis (Martin and
Liu, 2002a). We therefore believe that oxidative damage to DNA is an upstream signal in the mechanisms

for neuronal apoptosis.

Transgenic antioxidant therapy protects against neuronal.apoptosis

We evaluated if oxidative stress participates in the mechanisms of dLGN neuron apoptosis by
determining if antioxidant strategies are neuroprotective in our model. Transgenic and pbarmacological
antioxidant therapies were used. Transgenic mice overexpressing normal human SOD1 showed a
significant attenuation (40%) in the neuronal loss at 7 days postlesion compared to wildtype mice. In
contrast, neither trolox nor ascorbate showed any efficacy in preventing neuronal loss in the dLGN after
target deprivation. The only known function of SODI1 is catalyzing the dismutation of superoxide anion
into O, and H,0, (McCord and Fridovich, 1969). Our results directly implicate superoxide, or its
derivative ONOQO', in the trigger for neuronal apoptosis in vivo. We do not yet know if the protection
afforded by enforced SOD1 expression is due to increased SOD1 after target deprivation/axotomy or if
the neurons in these animals are intrinsically more resistant to injury due to brain changes that have
occurred during their lifetime. We hypothesize that the mechanism of SOD1 neuroprotection in dLGN
neurons is through potentiated SOD1 induction early after the injury and attenuation of DNA strand
breakage and p53 activation. Previous work on the benefits of antioxidant pharmacotherapy in protecting
against target deprivation/axotomy-induced neuronal apoptosis is scant, and existing studies have

employed entirely different model systems than that used here.

Caspasé—S inhibition blocks neuronal apoptosis induced by DNA damage in immature but not
mature neurons

We evaluated possible neuroprotective effect of caspase-3 inhibition on DNA damage-induced
apoptosis of neurons induced by CPT. A cell permeable reversible caspase-3 inhibitor Ac-

AAVALLPAVLLALLAPDEVD-CHO (Alexis Biochemicals) was tested. Caspase-3 inhibition blocked
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CPT-induced apoptosis in immature cortical neurons but not in mature cortical neurons (Lesuisse and

Martin, 2002b, Appendix).

MEK inhibitors block DNA damage-induced apoptosis in both imxﬁature and mature cortical
neurons

We evaluated possible neuroprotective effects of MEK inhibitors on DNA damage-induced apbptosis
of neurons induced by CPT. We used inhibitors of MEK 1 (PD98059) and MEK 1-MEK2 (U0126) (both
from Cell Signaling Technology). PD98059 and U0126 were dissolved in 50% ethanol/50% DMSO or
70% methanol/30% DMSO, respectively. Both drugs were used at final concentrations of 100pM, and
cells were pretreated for 2 h before exposure to CPT. Both PD98059 and U0126 blocked apoptosis in
both DIVS and DIV25 cortical neurons. The antiapoptotic effects of U0126 were associated with a
blockade of alterations in the MAP kinase pathway in CPT treated neurons. U0126 blocked the
subcellular translocation of Erk54 from soluble to nuclear compartments and the nuclear accumulation of
cleaved caspase-3 in CP"I‘-exposed immature neurons. U0126 blocked the activation of Erk42/44 early in
the process of apoptosis in CPT-exposed mature neurons. U0126 also blocked MEKK 1 degradation and
the formation of the putative proapoptotic MEKK1 fragments and active caspase-3 in immature neurons.
Treatment with U0126 further decreased the level of full-length MEKK in CPT-exposed mature

neurons.

Hypothermia attenuates the early NMDA receptor activation, oxidative stress, and
neurodegeneration after hypoxia-ischemia (HI)

The cerebral cortex, hippocampus, basal ganglia, thalamus, and cerebellum are extremely vulnerable
to HI. Neuronal necrosis is a major early form of neuropathology occurring after HI, though the
mechanisms are defined poorly and strategies for sustained neuroprotection are very limited. We have
hypothesized that the mechanisms for the profound degeneration of striatal neurons after HI involve

NMDA receptor-mediated excitotoxicity (Martin et al., 2000). Protein phosphorylation is a major
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mechanism for regulation of receptor function and plays a role in NMDA receptor modulation and
activation. We examined in our piglet model of HJ, the protein levels and phosphorylation status of
NMDA receptors after HI (Guerguerian et al., 2001). When NMDA receptor subunit-1 (NR1) levels are
related to the evolving neuronal cell injury in the putamen, we discovered an interesting association. NR1
levels are lower than baseline when few neurons are damaged, but levels increase as the number of
damaged neurons increases. The highest levels of NR1 protein correlate with the highest number of
neurons showing injury. Because of this apparent relationship between NR1 levels and accumulating
neuronal injury, the levels of a phosphorylated form of NR1 were measured to indirectly analyze NR1
activation after HI. Piglet synaptic membrane fractions of total striatum were probed with antibody
recognizing phospho-Ser897 NR1. Incremental increases in the number of injured neurons in the
putamen correlate with an increase in phosphoNR1 levels, further suggesting an association between
evolving neuronal damage and NR1 activation. The increased phosphoNR1 is not clearly associated with
the amount of elapsed time after HI but rather with the specific amount of neuronal damage in the
putamen. To identify whether changes in NMDA receptors are subunit specific, selected NR2 subunits
were measured. NR2B levels do not change significantly at 3, 6, and 12 hours recovery after HI compared
to controls, but, at 24 h after HI, NR2B levels are elevated significantly above control at 24 hours after
HI. The levels of NR2B do not relate to the number of damaged putaminal neurons, but the increase is
aésociatéd with augmented astroglial expression evolving in parallel with the neuronal damage. NR2A
levels in striatum of HI piglets are not different from control during the 3-24 h evaluation period. We
concluded that NMDA receptor subunits are changed differentially in the striatum after neonatal HI and
that abnormal NMDA receptor potentiation through increased NR1 phosphorylation participates in the
mechanisms of striatal neuron degeneration after HI.
We found that 24 hours of mild hypothermia (34 °C) with sedation and muscle relaxation after HI
profoundly protects against neurodegeneration (Agnew et al., 2003). Moreover, this effect is sustained

without deleterious side effects. The neuroprotective effects of hypothermia appear to be mediated by
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silencing of NMDA receptor signaling and attenuation of oxidative stress (Agnew et al., 2001). These

findings could have pathophysiological and therapeutic relevance for combat casualty care.

KEY RESEARCH ACCOMPLISEMENTS SUPPORTED BY DAMD17-99-1-9553

¢ Neuronal apoptosis in the adult brain and spinal cord is controlled by the bax gene and is Bax
dependent (Martin et al., 2001; Martin and Liu, 2002, Appendix)

¢ Bax upregulation during neuronal apoptosis requires a functional p53 gene (Martin et al., 2001;
Martin and Liu, 2002, Appendix)

o The neurotoxin kainic acid induces large-scale neuronal apoptosis with structural and molecular
characteristics of PCD in developing brain (Lok and Martin, 2002).

o Caspase-3 is activated during trauma- and hypoxia-ischemia-induced neuronal apoptosisl in the
mature and immature CNS (Martin et al., 2001; Northington et al., 2001b; Martin and Liu, 2002;
Natale et al., 2002, Appendix)

e Caspase-3 is activated during excitotoxic neuronal apoptosis (Lok and Martin, 2002).

o Caspase-3 activation coincides with internucleosomal degradation of genomic DNA during neuronal
apoptosis (Martin and Liu, 2002a; Lok and Martin, 2002).

e Bax translocates rapidly (within 2 hours) to mitochondria after an excitotoxic stimulus (Lok and
Martin, 20Q2).

o Rapid subcellular redistribution of Bax precedes caspase-3 and endonuclease activation during
excitotoxic neuronal apoptosis (Lok and Martin, 2002).

e Mitochondria in the developing brain have more Bax than mitochondria in adult brain (Lok and
Martin, 2002).

o A plasma membrane death receptor (Fas) is activated in some forms of CNS neuron apoptosis

(Northington et al., 2001, Appendix)
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Mouse cortical neurons can be cultured in a viable state for long-term and can be used to model
neuronal development, aging, and death (Lesuisse and Martin, 2002a,b).
Both immature and mature cortical neurons are capable of activating apoptotic mechanisms induced
by DNA damage (Lesuisse and Martin, 2002a).
Synucleins have differential localizations during cortical neurons development (Lesuisse and Martin,
2002a).
B-synuclein is enriched in dentiric growth cones (Lesuisse and Martin, 2002a).
Synuclein protein levels do not change at preapoptotic stages of neuronal apoptosis (Lesuisse and
Martin, 2002b).
Immature and mature cortical neurons engage different apoptotic mechanisms involving caspase- and
the MAP kinase pathway (Lesuisse and Martin, 2002b).
Mitochondria art; targets of cleaved caspase-3 (Lok and Martin, 2002; Lesuisse and Martin, 2002b).
Single neurons can be profiled for different DNA lesions (Liu and Martin, 2001a,b).
AP sites, SSB, and DSB can be profiled in single neurons by the comet assay (Liu and Martin,
2001a,b).
Different forms of ROS induce different DNA damage signatures in neurons (Liu and Martin, 2001b).
SOD1 overexpression attenuates neuronal apoptosis in vivo.
The formation of DNA single-strand breaks is an early upstream signal for Bax- and p53-dependent
neuronal apoptosis (Martin and Liu, 2002)
Inhibition of Na,K ATPase is a pre-necrotic event during acute brain injury (Golden et al., 2001)
Neuronal Na,K ATPase is a target of ONOO™ (Golden et al., 2003)
NMDA receptor activation and oxidative damage are pre-necrotic events during acute brain injury
(Guerguerian et al., 2002)
Caspase-3 and MEK inhibitors block DNA damage-induced neuronal apoptosis (Lesuisse and Martin,

2002b).
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e Mild hypothermia with sedation and muscle paralysis cause sustained neuroprotection against acute

brain injury without deleterious side effects
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CONCLUSIONS
The DAMD17-99-1-9553 contract has been highly productive, evolving by incorporating innovative
technologies and has always focused on mechanisms of neurodegeneration. Each of the four original
hypotheses outlined in our proposal has been addressed and new ground was broken in our study of
- neuronal apoptosis. DAMD17-99-1-9553 has supported ~24 original peer-reviewed publications and 6
book chapters/reviews on neuronal cell death. This progress has included work on the contribution of

apoptosis to retrograde neurodegeneration after target deprivation in adult and newborn brain, the

validation of the cortical ablation model as a system to study apoptosis of neurons in a homogeneous
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population of cells, the dependence of this apoptosis on Baz( and the possible roles of other Bcl-2 family
members (eg, Bak and Bad), the regulation of dLGN neuron apoptosis by p53, the identification of
ROS/RNS-generated DNA damage as a possible upstream signal for neuron cell death, and the
development of a method to profile DNA damage in single néurons using SCGE (comet assay). With the
funding provided by the USAMRMC, we have identified molecules that regulate mammalian neuron
apoptosis, including p53, Bax, caspases, and protein kinases. We have identified possible upstream
mechanisms that trigger neuronal cell death such as DNA damage, MAP kinase signaling, and Na,K
ATPase inactivation. These results provide direction and rationale for the future development of anti-
apoptosis and anti-necrosis therapies for a variety of neurological disorders.

Under this contract major accomplishments at the technical level have been achieved. We developed
neuronal isolation procedures and quantitative and high-resolution assays to study the Biochemical and
molecular regulation of neuronal cell death (e.g., comet assay, immunogold-EM). The method that we
have developed to isolate adult motor neurons can be used in future studies to isolate and profile DNA
damage in other populations of cells, such a midbrain dopamine neurons, in other animal models of
neurodegeneration. The comet assay can be used to profile DNA damage in single neurons and to screen
drugs for neuroprotective actions. Protein translocation and subcellular redistribution can be measured
directly in single cells with our immunogold-EM assay. Our long-term cortical neuron culture system can
be used to idéntify the molecular and genetic regulation of DNA damage-induced neuronal apoptosis and
to screen antiapoptotic drugs in a relatively homogeneous population of cells. In the future, we plan to use
in vitro screening of potential antiapoptotic drugs in addition to in vivo testing. With our technical |
approaéhes we can better identify mechanisms of neurotoxin action as well as reveal the mechanisms of
action of neuroprotective drugs.

The work funded through this USAMRMC grant has implications for the understanding and treatment
of acute and chronic brain injury as well as secondary neuropathology. Thus, this research has broad
significance for military personnel and civilians. The relevance of this work extends to the

neurodegeneration after exposure to neurotoxins, including chemical and biological warfare agents, and
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radiation. It also embraces the neurodegeneration after head and spinal cord trauma, limb amputation,

seizures, and hypoxia-ischemia caused by cardiac arrest, stroke, and increased intracranial pressure.
Lastly, this work is also important for the further understanding of the pathogenesis of stroke,

Alzheimer’s disease, ALS, Huntington’s disease, and Parkinson’s disease.
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Abstract

The mechanisms of injury- and disease-associated apoptosis
of neurons within the CNS are not understood. We used a
model! of cortical injury in rat and mouse to induce retrograde
neuronal apoptosis in thalamus. In this animal model, uni-
lateral ablation of the occipital cortex induces apoptosis of
corticopetal projection neurons in the dorsal lateral geniculate

nucieus (LGN), by 7 days post-lesion, that is p53 modulated.

and Bax dependent. We tested the hypothesis that this
degenerative process is initiated by oxidative stress and early
formation of DNA damage and is accompanied by changes in
the levels of pro-apoptotic mediators of cell death. Immuno-
blotting revealed that the protein profiles of Bax, Bak and Bad
were different during the progression of neuronal apoptosis in
the LGN. Bax underwent a subcellular redistribution by 1 day
post-lesion, while Bak increased later. Bad showed an early
sustained increase. Cleaved caspase-3 was elevated maxi-
mally at 5 and 6 days. Active caspase-3 underwent a

subcellular translocation to the nucleus. -A dramatic phos-
phorylation of p53 was detected at 4 days post-lesion. DNA
damage was assessed immunocytochemically as hydroxyt
radical adducts (8-hydroxy-2-deoxyguanosine) and single-
stranded DNA. Both forms of DNA damage accumulated early
in target-deprived LGN neurons. Transgenic overexpression
of superoxide dismutase-1 provided significant protection
against the apoptosis but antioxidant pharmacotreatments
with trolox and ascorbate were ineffective. We conclude that
overlapping and sequential signaling pathways are involved in
the apoptosis of adult brain neurons and that DNA damage
generated by superoxide derivatives is an upstream mech-
anism for p53-regulated, Bax-dependent apoptosis of target-
deprived neurons.

Keywords: Alzheimer’s disease, amyotrophic lateral scler-
osis, cell death, DNA damage, Patkinson's disease, traumatic
brain injury.

J. Neurochem. (2003) 85, 234-247.

Dysregulated apoptosis may contribute to the pathophysio-
logy of CNS damage in acute neuropathological disorders,
such as cerebral ischemia (MacManus and Linnik 1997;
Martin et al. 1998) and CNS trauma (Liu ef al. 1997;
Yakovlev et al. 1997; Conti et al. 1998), and in chronic
neurodegenerative diseases, such as Alzheimer’s disease
(Anderson ef al. 1996; Kitamura et al. 1999), amyotrophic
lateral sclerosis (Martin 1999; Mattson ef al. 1999) and
Parkinson’s disease (Burke and Kholodilov 1998). Know-
ledge of the mechanisms of apoptosis in post-mitotic cells
such as neurons is limited compared with non-nervous tissue
cells. In cultures of neonatal superior cervical ganglion
neurons or cerebellar granular cells (Deckwerth ef al. 1996;
Miller et al. 1997; Putcha efal. 2001, 2002) and in

developmental models of neuronal death (Deckwerth ef al.
1996), expression and translocation of the multidomain
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pro-apoptotic family member Bax are critical for apoptosis of
neurons. Bim, a BH3-only protein, also appears to have a
pro-apoptotic role in apoptosis of peripheral neurons (Putcha
et al.2001). Much less work has been done on the mechanisms
of CNS neuron apoptosis in vivo. A more complete under-
standing of the molecular mechanisms that trigger and regulate
neuronal apoptosis within the CNS could be therapeutically
relevant to acute and chronic neurological disorders.

We used an animal injury model of neurodegeneration to
further understand in vivo mechanisms of neuronal apoptosis.
Ablation of the visual cortex induces retrograde neuronal
degeneration in the dorsal lateral geniculate nucleus (dLGN)
of thalamus (Lashley 1941; Barron et al. 1967; Giolli and
Guthrie 1971). The geniculocortical projection neurons die
by a morphological process that is unequivocal apoptosis
(Al-Abdulla et al. 1998; Al-Abdulla and Martin 2002). This
cell death is preceded by an accumulation of apparently
active mitochondria in the perikaryon and might emerge with
oxidative damage to genomic DNA of the highly vulnerable
projection neurons (Al-Abdulla and Martin 1998). Apoptosis
of geniculocortical projection neurons requires the presence
of the Bax gene and is modified by a functional p53 gene,
further supporting a role for apoptosis in this neurode-
generation and the possible role of DNA damage as a trigger
(Martin et al. 2001). Despite this information on the
molecular genetics of this neuronal apoptosis, it is still not
clear how these neurons die. We tested the hypothesis that
neuronal apoptosis in this in vivo CNS model is accompanied
by changes in the levels of pro-apoptotic mediators of cell
death and by the early formation of DNA damage.

Materials and methods

Lesion paradigm to study neuronal apoptosis in vivo
Anoccipital cortex aspiration lesion served as the model for producing
axotomy and target deprivation of lateral geniculate nucleus (LGN)
projection neurons in rat and mouse. The accuracy and reproducibility
of this CNS lesion have been described previously (Al-Abdulla et al.
1998; Martin et al. 2001). Lesions were done on adult (weight ~150—
300 g) male Sprague-Dawley rats (n = 160), purchased from Charles
River Laboratories Inc. (Wilmington, MA, USA) and adult male
C57BL/6 mice (n = 26). The institutional Animal Care and Use
Committee approved the animal protocols. The animals were
anesthetized with a mixture of enflurane : oxygen : nitrous oxide
(1 : 33 : 66) and placed in a stereotaxic apparatus. The scalp was
incised at the midline and a craniotomy was made. The dura was
incised with a fresh, sterile 22-gauge needle. The cortex underlying the
craniotomy was then aspirated using a blunt-tipped 22-gauge needle
connected to a vacuum line, without damaging the surrounding
venous sinuses and the underlying hippocampus.

Immunoblotting for cell death proteins
Bax, Bak, Bad, caspase-3 and phospho-p53 protein levels were
measured during the progression of neuronal apoptosis. Samples of
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LGN({(ipsilateral and contralateral) were collected for immunoblotting
at 1, 4, 5 and 6 days after occipital cortex ablation (n = 12—15 rats/
time point). Animals were deeply anesthetized with chloral hydrate,
decapitated and the brain was removed quickly and placed on ice.
Under a microsurgical stercomicroscope, the cerebral cortex was
reflected to visualize the dorsal thalamus. The LGN is readily
discernible by surface landmarks. Using iridectomy scissors, the
LGN from ipsilateral (target deprived) and contralateral (control)
thalamus was microdissected from each rat and frozen quickly in
liquid nitrogen. The LGN samples from target-deprived and control
sides were pooled from 12-15 rats for each time point. The accuracy
of the LGN microdissection was verified by removing LGN samples
and then placing the brainstems in 4% paraformaldchyde. After-
wards the brainstems were cryoprotected in phosphate-buffered 20%
glycerol, cut and rostral brainstem sections were stained with cresyl
violet and viewed microscopically (Fig. 1a).

Microdissected LGN samples were homogenized with a polytron
(Brinkmann Instruments, Westbury, NY, USA) in ice-cold 20 mM
Tris HCI (pH 7.4) containing 10% (w/v) sucrose, 200 mM mann-
itol, 20 U/mL aprotinin, 20 pg/mL leupeptin, 20 pg/mL antipain,
20 pg/mL pepstatin A, 20 pg/mL chymostatin, 0.1 mm phenyl-
methylsulfonyl fluoride, 10 mm benzamidine, 1 mmM EDTA and
5 mm EGTA. Crude homogenates were sonicated for 15 s and then
centrifuged at 1000 g,, for 10 min (4°C), the resulting pellet
consisting of the nuclear-enriched fraction was washed (twice) by
trituration in homogenization buffer followed by centrifugation and
then finally resuspended in homogenization buffer (without sucrose)
supplemented with 20% (w/v) glycerol. The supernatant fluid was
then centrifuged at 54 000 g,, for 20 min (4°C) to yield soluble (S2)
and mitochondria-enriched pellet (P2) fractions. The pellet fraction
was washed (twice) by ftrituration in homogenization buffer
followed by centrifugation and then finally resuspended in homo-
genization buffer (without sucrose) supplemented with 20% (w/v)
glycerol. Protein concentrations in all fractions were measured by a
protein assay (Bio-Rad Laboratories, Hercules, CA, USA) with
bovine serum albumin as a standard. This subcellular fractionation
protocol has been verified previously in other CNS tissues (Martin
2000) and confirmed in this LGN model (Figs 1b and ¢; Martin
et al. 2001) using antibodies to neuronal nuclear protein NeuN
(Chemicon, Temecula, CA, USA), lactate dehydrogenase (Rockland
Immunochemicals, Gilbertsville, PA, USA) and cytochrome ¢
oxidase subunit 1 (Cox1; Molecular Probes, Eugene, OR, USA)
to evaluate the purity of nuclear, soluble and mitochondria-enriched
protein fractions, respectively.

Proteins from ipsilateral and contralateral LGN samples were
subjected to 15% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to nitrocellulose membrane by
electroetution as described by Martin (1999). Several different cell
death proteins were evaluated (Table 1). A fusion protein containing
amino acids 1-171 of mouse Bax (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) served as a positive control for Bax immunoblots.
The CNS extracts from Bax™" mice and p53™ mice (Martin ef al.
2001) as well as peptide competition with an amino terminal peptide
of Bax-a (Santa Cruz) were negative controls for Bax blots. A fusion
protein containing amino acids 1-211 of human Bak (Santa Cruz) and
HeLa and A-431 cell lysates served as positive controls for Bak
immunoblots. Peptide competition with an amino terminal peptide of
Bak (Santa Cruz) was a negative control for Bak blots. A fusion

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 85, 234-247
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Flg. 1 Verification of dorsal lateral geniculate nucleus (dLGN) micro-
dissection and tissue subcellular fractionation. (a) Cresyl violet-stained
transverse section of a rat thalamus demonstrating the high accuracy
of the dLGN microdissection. In this example, the dLGN was removed
from only one side of the brain (upper right side) and the ventral LGN
(VLGN]) is preserved. (b) dLGN ipsilateral (i) and contralateral (c) tis-
sues at 5 days post-lesion (5d) were fractionated into soluble (S2) and
pellet (P2) proteins and were subjected to sodium dodecy! sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE; each lane contains
protein extracts that were pooled from LGN samples from 12 rats),
transferred to nitrocellulose membranes and immunoblotted with
monocional antibody to cytochrome ¢ oxidase subunit 1 (Cox1). The
high levels of the mitochondrial enzyme Cox1 verified the mitochondria
enrichment of the pellet P2 fractions. Cox1 was not detected in the
soluble protein (S2) fractions irrespective of whether they were from
the target-deprived ipsilateral dLGN or from the control contralateral
dLGN. The lesion did not alter the level of Cox1 at 5 days. (c) dLGN
contralateral (c) and ipsilateral (i) tissues at 5 days post-lesion (5d)
were fractionated into soluble (S2) and nuclear (P1) proteins and were
subjected to SDS-PAGE (each lane contains protein extracts that
were pooled from LGN samples from 12 rats), transferred to nitro-
cellulose membranes and immunoblotted with monoclonal antibody to
the neuronal nuclear protein NeuN. The high levels of the neuronal
nuclear protein verified the nuclear enrichment of the pellet P1 frac-
tions. NeuN was not detected in the soluble protein (S2) tractions
irrespective of whether they were from the target-deprived ipsilateral
dLGN or from the control contralateral dLGN. The lesion did not alter
the level of NeuN for 5 days post-lesion.

Table 1 Expression profiling of cell death regulators by immunoblot-
ting

Cell death protein Antibody source Dilution (pg/mL)
Bax Upstate ) 1

Bax Santa Cruz 04

Bak Upstate - 1

Bad Transduction Laboratories 0.6

Caspase-3 Santa Cruz 0.4

Cleaved caspase-3 Cell Signaling 1:500
Phospho-p53 (Ser15) Cell Signaling 0.1

protein containing amino acids 1-168 of human Bad (Santa Cruz)
served as a positive control for Bad blois. Peptide competition with a
carboxy terminal peptide of Bad (Santa Cruz) was a negative control
for Bad blots. Caspase-3 was detected with a rabbit polyclonal
antibody that binds both the pro-enzyme and the cleaved subunits
(Santa Cruz) and a rabbit polyclonal antibody that binds only the
cleaved subunits (Cell Signaling Technology, Beverly, MA, USA).
The positive control for cleaved caspase was purified active caspase-3
(BioVision Research Products, Palo Alto, CA, USA). The posifive
control for phospho-p53 was lysates of neurons exposed to the DNA-
damaging agent camptothecin (Lesuisse and Martin 2002). The
reliability of sample loading and electroblotting in each experiment
was evaluated by staining nitrocellulose membranes with Ponceau S
before immunoblotting. Blots were blocked with 2.5% non-fat dry
milk with 0.1% Tween 20 in 50 mM Tris-buffered saline (pH 7.4) and

«then incubated overnight at 4°C with antibody. The antibodies were

used at concentrations for visualizing immunoreactive proteins within
the linear range (Lok and Martin 2002). Afier the primary antibody
incubation, blots were washed and incubated with horseradish
peroxidase-conjugated secondary antibody (0.2 pg/mL), developed
with enhanced chemiluminescence (Pierce, Rockford, IL, USA) and
exposed to X-ray film. The blots were then reprobed with monoclonal
antibodies to synaptophysin (Boehringer Mannheim, Indianapolis,
IN, USA) or synapse-associated protein-25 (Sternberger Monoclo-
nals, Lutherville, MD, USA) as controls for protein loading.

_To quantify protein immunoreactivity (IR), films were scanned
and densitometry was performed as described by Martin (1999). For
caspase-3, pro-enzyme and the cleaved subunits were analysed
separately. Protein levels were expressed as relative optical density
measurements, determined by comparing the density and area
(average-integrated optical density) of the immunoreactive bands
from ipsilateral LGN samples to corresponding bands in contralateral
control lanes in the same blot. Immunodensities for death proteins
were normalized to Ponceau S-stained proteins or to synaptic protein
IR within the same lanes. Two different normalization procedures
were used because different subcellular fractions were analysed.
Synaptic proteins were used for the normalization of soluble and
pellet fractions, while Ponceaus S was used for the normalization of
nuclear fractions due to the low level of synaptic proteins in this
fraction. The values for each time point were replicated in triplicate
or quadruplicate experiments. Comparisons were made between the
ipsilateral and contralateral LGN samples at the same post-lesion
time point. Statistical analyses of group means and variances were
performed using a one-way analysis of variance (aNova) followed by
a post-hoc Newman-Keuls test for individual comparisons.

Caspase-3 activity assay :
Caspase-3 enzyme activity was measured in LGN samples using a
colorimetric assay kit (Chemicon). This assay is based on spectropho-
tometric detection (405 nm) of the chromophore p-nitroaniline after
caspase-mediated cleavage from the labeled substrate Asp-Glu-Val-
Asp (DEVD)-p-nitroaniline. Recombinant human active caspase-3
(Chemicon) was used as a positive control. Caspase-3 inhibitor
(Ac-DEVD-CHO) was used as a negative control. Caspése-B activity
was measured in soluble and nuclear fractions of ipsilateral and con-
tralateral LGN samples at 1, 4, 5 and 6 days post-lesion (n = 12 rats/
time point). All assays were done in duplicate at two different protein
concentrations (50 and 100 pg). The group means and variances were
evaluated by one-way anova and a Newman—Keuls pbst—hoc test.
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Identification of DNA damage

Rats received unilateral occipital cortex ablations and were killed by
an overdose of chloral hydrate and perfusion fixation (4% parafor-
maldehyde) at 1, 2, 3, 4 and 5 days post-lesion (n = 4 rats/time
point). The brains were removed from the skull and then cryopro-
tected in phosphate-buffered 20% glycerol. A peroxidase-antiper-
oxidase detection method was used for immunocytochemical staining
of free-floating brain sections with diaminobenzidine as chromogen.
Two different forms of DNA damage were evaluated. Hydroxyl
radical damage to DNA was detected with monoclonal antibodies to
8-hydroxy-2-deoxyguanosine (OHdG; QED Bioscience, San Diego,
CA, USA, and OXIS International, Portland, OR, USA). These
antibodies to OHAG have been evaluated for specificity by multiple
approaches (Al-Abdulla and Martin 1998; Martin et al. 1999). In
competition experiments, sections were reacted with antibody to
OHJG that was incubated at 4°C for 24 h with 1000-fold concen-
trations of OHdG, 8-hydroxyguanosine or guanosine (Martin ef al.
1999). As additional controls, sections have been digested with DNase
(5-10 mg/mL) or RNase (11-50 mg/mL) prior to incubation with
OHJG antibody. A monoclonal antibody (Alexis Biochemicals, San
Diego, CA, USA) to single-stranded DNA (ssDNA) was also used.
The ssDNA immunodetection protocol requires pre-treatment of
sections with 0.2 mg/mL saponin and 20 pg/mL proteinase K
(20 min at room temperature, 23°C) and then 50% formamide
(20 min at 56°C) for DNA denaturation. Staining for sSDNA has
been reported to be a specific and sensitive method for the detection
of apoptotic cells (Frankfurt e al. 1996). Immunolabeled sections
were counterstained with cresyl violet. Neurons showing nuclear
immunopositivity in the ipsilateral and contralateral dLGN were
counted at 1000x magnification in three matched levels from each
rat by an observer unaware of experimental history. Careful focusing
through the z-axis was used to distinguish nuclear labeling from
cytoplasmic labeling. Group means and variances were evaluated
statistically by one-way anova and a Newman-Keuls post-hoc test.

Antioxidant gene therapy and pharmacotherapy experiments

We studied whether oxidative stress participates in the mechanisms
for retrograde neuronal death in the adult rat brain by determining if
antioxidant therapies are neuroprotective by blocking apoptosis.
Transgenic (Tg) and pharmacological therapies were used. Unilat-
eral occipital cortex ablations were done on Tg superoxide dismu-
tase-1 (SODI1) mice (n = 16) and wild-type non-Tg C57BL/6 mice
(n = 10). The Tg SOD1 mice carry a 12-kb genomic DNA fragment
encoding wild-type human SOD1 (Wong efal. 1995). The
background strain for these mice is C57BL/6J. Transgenic expres-
sion of SODI was confirmed by genotyping tail genomic DNA and
by immunolocalization of human SODI1 using a human-specific
monoclonal antibody to SOD1 (Sigma, St Louis, MO, USA). This
transgene product is expressed throughout the CNS of these mice in
a pattern that mimics the endogenous protein, but levels of transgene
expression and SOD1 activity are seven to 10 times higher than the
level of endogenous SOD1 (Wong et al. 1995). For pharmacother-
apies, we used trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid; Calbiochem, San Diego, CA, USA and Aldrich,
St Louis, MO, USA) and ascorbic acid (vitamin C) as antioxidants.
Trolox, a water- and lipid-soluble vitamin E derivative, is a cell-
permeable free radical scavenger that can prevent radiation- and
peroxynitrite (ONOO™)-induced (Salgo and Pryor 1996) apoptosis
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in vitro and methylmercury-induced neuronal apoptosis in vivo
(Usuki et al. 2001). Trolox was dissolved in ethanol/saline at a stock
concentration of 50 mg/mL. Studies showing the antioxidant actions
of ascorbate are numerous (Carr and Frei 1999). Ascorbate was
dissolved in saline. Rats (n = 40) were treated daily on day 0 (day
of lesion) and on post-lesion days 1-5 with trolox (50 mg/kg, ip.),
ascorbic acid (50 mg/kg, i.p.) or the corresponding vehicle. Each
treatment group had 10 animals. The Tg and wild-type mice and rats
with test therapies were killed by perfusion fixation (4% parafor-
maldehyde) at 7 days post-lesion. After perfusion-fixation, brains
were allowed to remain in situ for 1 h before they were removed
from the skull. The brains were cryoprotected in 20% glycerol-
phosphate-buffered saline, uniformly blocked and frozen under
pulverized dry ice. Coronal serial symmetrical sections (40 pm)
through the thalamus were cut using a sliding microtome. Serial
sections from each mouse and rat brain were mounted on glass slides
and stained with cresyl violet for neuronal counting. Neuronal counts
in the ipsilateral and contralateral dLGN were determined by an
operator unaware of sample experimental history at 1000x magnifi-
cation using the stereological optical disector method as described
(Calhoun et al. 1996; Al-Abdulla et al. 1998). Neurons without
apoptotic structural changes were counted. These criteria included a
round, open, pale nucleus (not condensed and stained darkly),
granular Nissl staining of the cytoplasm and a major diameter of ~20—
25 pm. With these criteria, astrocytes, oligodendrocytes and micro-
glia were excluded from the counts. Neuronal counts were used to
determine group means and variances and comparisons among groups
were performed using a one-way anova and a post-hoc t-test.

.

Results

Lateral geniculate nucleus microdissection

and subcellular fractionation

The accuracy of the microdissection of the LGN tissue
samples for immunoblotting and biochemical assays was
confirmed (Fig. 1a). The LGN was isolated from the rat
diencephalon with minimal or no contamination of other
brain regions. The microdissection was precise for subdivi-
sions within the rat LGN, as demonstrated by the exclusion
of the ventral LGN (Fig. 1a).

The subcellular fractions of the dLGN tissue were
evaluated for purity after homogenization and centrifugation.
High levels of Coxl IR confirmed the mitochondrial
enrichment of the P2 fraction (Fig. 1b). The Cox!1 levels
were maintained in the mitochondria-enriched fractions of the
ipsilateral dLGN for 5 days post-lesion. Soluble protein
fractions were enriched in lactate dehydrogenase IR (data not
shown) but were devoid of mitochondrial contamination
(regardless of injury) based on the absence of Cox1 IR, even
after prolonged exposures (Fig. 1b). The nuclear enrichment
of the P1 fraction was verified by the high level of the neuron-
specific nuclear protein NeuN (Fig. 1c). NeuN levels in the
ipsilateral dLGN were maintained for 5 days post-lesion.
NeuN was not detected in the S2 or P2 fractions (Fig. 1c).
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Subcellular localization of death proteins in adult

dorsal lateral geniculate nucleus

The identification of an immunoreactive band of protein as
Bax was demonstrated using mutant mice. This experiment
was done because, in our experience, many of the antibodies
to Bel-2 family proteins, particularly those to Bax, are not
monospecifc. Bax IR was not detected in brain extracts of
Bax™ mice (n = 2) compared with a strong immunoreactive
band at ~20-24 kDa in forebrain extracts of wild-type mice
and in rat dLGN (Fig. 2a). As the Bax gene is activated by
p53 (Miyashita and Reed 1995), p53™ mice (n = 2) were
used to show that the levels of this immunoreactive band at
~20-23 kDa were altered by the presence or absence of p53.
Forebrain extracts from p53 ™~ mice had diminished levels of
Bax compared with wild-type mice. Results with liver
extracts were similar (Fig, 2a).

The relative levels of cell death proteins were evaluated in
different subcellular compartments in adult rat dLGN. The
Bax IR was much higher in the soluble protein compartment
compared with the mitochondria-enriched membrane com-
partment (Fig. 2b). In mitochondrial fractions, a distinct
doublet was observed corresponding to the detection of
o-Bax and p-Bax at 21 and 24 kDa, respectively. The levels
of o-Bax and B-Bax in the adult dLGN were similar
(Fig. 2b). In contrast to Bax, Bak was much more enriched in
the mitochondria-enriched membrane compartment com-
pared with the soluble protein compartment (Fig. 2b). Bad
was enriched in the soluble protein compartment relative to
the mitochondrial compartment of the dLGN but was
increased in the mitochondria-enriched compartment after

injury (Fig. 2c).

The protein expression profiles of Bax, Bak and Bad
are different during the progression of neurenal
apoptosis in the dorsal lateral geniculate nucleus
Bax levels were changed at early pre-apoptotic stages of
neuronal death (Figs 2d and 3a). At 1 day post-lesion, the
Bax level was <50% of control in the soluble protein fraction
while, in marked contrast, the Bax level was >200% of
control in the mitochondria-enriched membrane fraction
(Fig. 3a). At4 and 5 days post-lesion, the Bax levels in the
ipsilateral dLGN did not differ significantly from control
(Fig. 3a). At 6 days post-lesion, a significant reduction in
Bax IR was observed in the soluble protein fraction (Fig. 3a).
. Bak levels were altered later in the post-lesion time course.
Bak was detected as a prominent band of IR at ~30 kDa.
Bak IR in the soluble fraction of the ipsilateral LGN was not
different from control at 1 and 4 days post-lesion but, at 5
and 6 days post-lesion, the Bak level was increased signi-
ficantly above control level (Fig. 3b). Bak IR in the
mitochondria-enriched fraction of the ipsilateral dLGN was
significantly increased above contralateral dLGN at 4 and
5 days post-lesion, but returned to control level at 6 days
post-lesion (Fig. 3b).
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Fig. 2 Subcellular distributions of cell death proteins. (a) Verification of
an immunoreactive protein band as Bax. Soluble protein fractions from
Bax-nufl, p53-null and wild-type mouse forebrains, p53-null and wild-
type mouse livers, and rat dorsal lateral geniculate nucleus (dLGN)
were subjected to sodium dodecy! sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE; 20 pg total protein loaded in each lane), trans-
ferred to nitroceliulose and probed with polyclonal antibody to Bax
(Upstate, Charlottesville, VA, USA). An immunoreactive band was
detected at ~20~23 kDa. This band found in rat dLGN was not present
in Bax™™ mouse brain and was attenuated in p53~~ mouse brain. A
similar attenuation of Bax protein was found in p537" liver. (b) dLGN
tissues were fractionated into soluble (S2) and mitochondria-enriched
pellet (P2) proteins and were subjected to SDS-PAGE (10 pg total
protein loaded in each lane), transferred to nitrocellulose membranes
and immunoblotted with polyclonal antibodies to Bax (Upstate) and Bak
(Upstate). Bax was more enriched in the soluble protein compartment
compared with the mitochondrial compartment. Bak was more enriched
in the mitochondrial compartment compared with the soluble com-
partment. (c) dLGN fissues were fractionated into soluble ($2) and
mitochondria-enriched pellet (P2) proteins and were subjected to SDS-
PAGE (10 or 20 pg total protein loaded in each fane for S2 and P2,
respectively), transferred to nitrocellulose membranes and immuno-
blotted with polyclonal antibodies to Bad (Transduction Laboratory, San
Diego, CA, USA). Bad was more enriched in the soluble protein com-
partment compared with the mitochondrial compartment. Very low
levels of Bad were detected in mitochondrial fractions of normal dLGN
(P2, LGN 1dc) only after prolonged exposures. Bad levels were
increased in the ipsilateral dLGN soluble compartment as early as 1 day
post-lesion (LGN 1di). A corresponding increase in Bad was observedin
the ipsilateral dLGN mitochondrial P2 compartment at 1 day post-lesion
(LGN 1di). (d) Representative ipsilateral (i) and contralaterat (¢) dLGN
immunobilots for mitochondrial Bax, soluble Bad and nuclear cleaved
caspase-3 at 1, 4, 5 and 6 days (d) after occipital cortex ablation. Each
lane contains protein extracts from dLGN samples pooled from 12-15
different rats/time point. The synaptic protein synapse-associated pro-
tein (SNAP)-25 was used as a normalization control for $2 and P2 blots.
See Figs 3 and 4 for densitometric quartification of immunoblots.

Bad levels were changed throughout the entire post-lesion
time course (Figs 2d and 3c). Bad was detected as a
prominent band of IR at ~23 kDa. Cell lysates from A431
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Fig. 3 Densitometric quantification of protein immunoreactivity (IR)
levels for (a) Bax, (b) Bak and (c) Bad in soluble (S2) and mitochon-
dria-enriched (P2) protein fractions as determined by immunoblotting.
The values (mean + SD) are represented as percentage of contra-
laterat (contra) non-lesioned dorsal lateral geniculate nucleus (dLGN).
Each bar represents data from three different groups of rat dLGN
samples (4-6 rats/group) that were microdissected (see Fig. 1a) at

each time point after occipital cortex ablation and were pooled for

fractionation. The total number of rats represented in each bar is 12—
15. The results are derived from three to four different immunoblotting
experiments with each of the three different groups of dLGN samples/
time point. Significance differences from control dL.GN are denoted by
*p < 0.05 or **p < 0.01.

cells (human epidermoid carcinoma cell line) were used to
detect an immunoreactive band of similar molecular weight
(data not shown). Bad IR was increased significantly in both
the soluble and membrane fractions of ipsilateral dLGN at ]
and 4 days post-lesion. At 5 day post-lesion, Bad in the
soluble compartment was lower than control, while Bad in
the mitochondrial compartment was significantly higher than
control (Fig. 2c). At 6 days post-lesion, Bad in the mitoch-
ondrial compartment remained significantly higher than
control, but Bad in the soluble compartment was not
different from control (Fig. 2c).
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Caspase-3 is activated in the dorsal lateral geniculate
nucleus after occipital cortex ablation

The protein levels of pro-caspase-3 and cleaved caspase-3
subunits were measured in soluble and nuclear fractions of
dLGN after target deprivation (Fig. 4). Pro-caspase-3 was
detected as a prominent band of IR at ~32 kDa. The cleaved
subunits were detected at ~11 and ~17-20 kDa. At 1 day
post-lesion, the levels of pro-caspase-3 and cleaved caspase-3
in soluble protein fractions of ipsilateral and contralateral
dLGN were similar (Figs 4a and b). At 4 days, the level of
pro-caspase-3 in the ipsilateral dLGN was not significantly
different from the contralateral dLGN but cleaved caspase-3
was elevated significantly in the ipsilateral LGN soluble
compartment (Figs 4a and b). A further increase in cleaved
caspase-3 subunits was observed at 5 days in the soluble
compartment, while pro-caspase-3 levels decreased (Figs 4a
and b). At 6 days post-lesion, cleaved caspase-3 levels in
the ipsilateral dLGN remained higher than in contralateral
dLGN, but pro-caspase-3 levels were not significantly
different from control (Figs 4a and b). Cleaved caspase-3
was also detected in the dLGN nuclear compartment,
consistent with in vitro studies of cortical neurons (Lesuisse
and Martin 2002). Cleaved caspase-3 levels were elevated
significantly in the ipsilateral dLGN nuclear compartment at
4, 5 and 6 days post-lesion, with highest levels at 6 days
(Figs 2d and 4c¢). :

The biochemical activity of caspase-3 was measured in
soluble and nuclear protein fractions of dLGN afier target
deprivation (Fig. 5). Caspase-3 enzyme activity was
increased significantly in soluble fractions in the ipsilateral
dLGN at 1 day (Fig. 5a). Activity was blocked completely in
the presence of 10 puM caspase-3 inhibitor Ac-DEVD-CHO
(data not shown). Caspase-3 activities in soluble fractions of
the ipsilateral and contralateral dLGN were similar at 4 days
(Fig. 5a). At 5 days post-lesion, caspase-3 activity was lower
in the ipsilateral dLGN compared with the contralateral
dLGN which showed significantly higher levels of activity
compared with the contralateral dLGN at earlier time points.
Caspase-3 activities in the ipsilateral and contralateral dLGN
were at baseline levels in the soluble fraction at 6 days
(Fig. 5a). Caspase-3 activities in ipsilateral dLGN nuclear
fractions at 4 and 5 days post-lesion were increased signi-
ficantly compared with control but were unchanged at other
time points (Fig. 5b).

Phosphorylated p53 accumulates in the nucleus during
dorsal lateral geniculate nucleus neuron apoptosis
Phospho-p535°!° levels were dramatically elevated in nuclear
fractions of the ipsilateral LGN at 4 days post-lesion (Fig. 6).
The increase remained present at 5 days post-lesion (Fig. 6).
At 6 days post-lesion ipsilateral levels were not different from
contralateral levels (Fig. 6). The phosphorylation of p53 at the
Serl5 site was specific for the nucleus because phospho-
p535¢1% was not detected in the soluble fraction.
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Fig. 4 Densitometric quantification of protein immunoreactivity (IR)
levels for (a) cleaved caspase-3 and (b) pro-caspase-3 in soluble
protein fractions and (c) cleaved caspase-3 in nuclear fractions as
determined by immunoblotting. The values (mean + SD) are repre-
sented as percentage of contralateral (contra) non-lesioned dorsal
lateral geniculate nucleus (dLGN). Each bar represents data from
three different groups of rat dLGN samples (4-6 rats/group) that were
microdissected (see Fig. 1a) at each time point after occipital cortex
ablation and were pooled for fractionation. The total number of rats
represented in each bar is 12-15. The results are derived from three to
four different immunoblotting experiments with each of the three dif-
ferent groups of dLGN samplesftime point. Significance differences
from control dLGN are denoted by *p < 0.05 or **p < 0.01.

DNA damage accumulates rapidly in dorsal lateral

geniculate nucleus neurons after target deprivation

As p53 was activated in the dLGN at 4 days post-lesion,
LGN neurons were evaluated for DNA damage at early, pre-
apoptotic, post-lesion time points (Figs 7 and 8). DNA
damage was assessed with two different markers. The OHdG
IR was seen in the nucleus and cytoplasm of dLGN neurons
(Fig. 7). It has been shown previously that the intensity of
cytoplasmic and nuclear immunolabeling detected with
OHAG antibodies can be altered, respectively, by RNase
and DNase pre-treatment and by pre-adsorption of antibody
with 8-hydroxyguanosine and 8-hydroxy-2-deoxyguanosine,
indicating hydroxyl adduct modified RNA and DNA
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‘Fig. 5 Measurement of caspase-3 enzyme activity in (a) soluble and
(b) nuclear protein fractions as determined by biochemical spectro-
photometric assay. The values (mean + SD) are represented as units
of enzyme activity (determined by conversion of absorbency units
using a standard curve generated from known caspase-3 units) in
contralateral {(contra, 00) non-lesioned dorsal lateral geniculate nucleus
(dLGN) and ipsilateral (ipsi, ) dLGN at 1, 4, 5 and 6 days after
occipital cortex ablation. The total number of rats represented in each
bar is 12-156. Significance differences from time-matched control
dLGN are denoted by *p < 0.05.

(Al-Abdulla and Martin 1998; Martin ef al. 1999). Both
the overall intensity of staining in labeled neurons and the
number of immunopositive neurons changed in the dLGN
after target deprivation. The number of neurons with nuclear
OHdG IR was increased in the ipsilateral LGN at 1-5 days
post-lesion (Figs 7a and b and 8a). The increase was
progressive between 1 and 3 days, peaking at 3 days, and
then the number of immunopositive neurons declined.
Immunostaining for ssDNA was found primarily in the
nucleus, with much fainter cytoplasmic labeling (Figs 7¢ and
d). The number of neurons with ssSDNA was also increased in
the ipsilateral LGN (Figs 7c and d and 8b). The ssDNA-
positive neurons were higher than control at 1-4 days post-
lesion. A maximal level was found at 4 days post-lesion
(Fig. 8b), corresponding to the spike in p53 phosphorylation
(Fig. 6). The accumulation of ssDNA was transient because,
at 5 days post-lesion, the number of ssDNA-positive neurons
was not different from control (Fig. 8b).

Transgenic antioxidant therapy protects dorsal lateral
geniculate nucleus neurons after target deprivation
Transgenic and pharmacological antioxidant therapies were
used to study whether oxidative stress participates in the
mechanisms of LGN neuron apoptosis in the adult brain.
Transgenic mice overexpressing normal human SODI
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Fig. 6 Measurement of phosphoSer15-p53 immunoreactivity (IR) in
dorsal lateral geniculate nucleus (dLGN) nuclear fractions. The dLGN
tissues were fractionated into nuclei-enriched fractions and were
subjected to sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis (20 pg total protein loaded in each lane), transferred to nitro-
celiulose membranes and immunoblotted with antibody to
phosphoSert5-p53 (Cell Signaling Technology, Bevery, MA, USA).
An immunoblot of Ipsilateral (i) and contralateral (c¢) dLGN nuclear
protein at 1, 4, 5 and 6 days post-lesion is shown. The quantitative
densitometric.measurements of several different blots are shown in
the histogram. The values {mean + SD) are represented as average-
integrated optical density units in the contralateral (contra, (J) non-
lesioned dLGN and the ipsilateral (ipsi, B) target deprived dLGN. Each
bar represents data from three different groups of rat dLGN samples
(4-6 rats/group) that were microdissected at each time point after
occlpital cortex ablation and were pooled for fractionation. The total
number of rats represented in each bar is 12-15. The results are
derived from four different immunoblotting experiments with each of
the three different groups of dLGN samples/time point. Significance
differences from control dLGN are denoted by *p < 0.001.

showed a significant attenuation in the neuronal loss at
7 days post-lesion compared with wild-type mice (Fig. 9a).
In contrast, neither trolox (Fig. 9b) nor ascorbate (Fig. 9¢)
showed any efficacy in preventing neuronal loss in the dLGN
after target deprivation.

Discussion

Occipital cortex ablation results in degeneration of genicu-
locortical projection neurons within the dLGN by apoptosis
(Al-Abdulla ‘et al. 1998; Martin et al. 2001; Natale et al.
2002). This system is an excellent model to study induced
neuronal apoptosis in the adult and newborn CNS. The
structural emergence of this apoptosis and its time course are
very synchronous and the process is accelerated in the
immature brain. In the adult brain the cell death process is
neatly complete by 14 days post-lesion, with the bulk of the
geniculocortical neuronal apoptosis occurring during the first
7 days post-lesion. In the newborn brain the apoptotic
process takes 2 days. Structurally, this neuronal cell death is
characterized by progressive cytoplasmic and nuclear
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condensation that is typical of unequivocal apoptosis
(Al-Abdulla and Martin 1998; Al-Abdulla et al. 1998;
Martin ef al. 1998; Natale et al. 2002). The dependence of
this cell death on Bax and its regulation by p53 support the
conclusion that this geniculocortical projection neuron death
is a form of apoptosis (Martin ef al. 2001). However, the
precise mechanisms of this neuron-specific apoptosis need to
be further understood.

We first needed to overcome some technical hurdles
inherent to in vivo models of neurodegeneration that could
confound interpretation of the results, namely those related to
tissue sampling and processing. The occipital cortex ablation
lesion induces apoptosis of neurons within only a relatively
small area of brain. Therefore, LGN samples were specific-
ally microdissected to avoid regional contamination. Our
precision was better than originally anticipated because the -
microdissection was selective for subdivisions of the LGN,
specifically the dLGN. This anatomical precision is import-
ant because the neuronal apoptosis occurs in the dLGN rather
than in the ventral LGN that does not have major efferents to
cortex (Sefton and Dreher 1985). However, non-neuronal cell
contamination is still present in the dLGN samples, but we
have not observed apoptosis of glial cells or blood-derived
cells in this model in adult animals (Al-Abdulla et al. 1998;
Martin ef al. 2001; Al-Abdulla and Martin 2002). We
performed a subcellular fractionation analysis because the
locations of these cell death proteins contribute to their
functional activity. Specific protein markers were used to
assess the purity of the fractions. The mitochondrial enrich-
ment of the subcellular fraction was shown by the presence
of Cox1. The soluble cytosolic protein compartment was
verified by the presence of lactate dehydrogenase. The
nuclear enrichment was demonstrated by the presence of
NeuN. There was no cross-contamination among these
fractions. However, the mitochondria-enriched fraction is
likely to contain endoplasmic reticulum and microsome
components. _ :

Cells within the dLGN expressed Bax, Bak, Bad and
caspase-3 at high levels. These proteins had differential
subcellular localizations. Our results on the subcellular
distributions of Bax, Bak and Bad in healthy adult rodent
CNS tissue are consistent with in vitro studies of non-
neuronal cells (Wolter et al. 1997; Nechushtan ef al. 2001).
Bax and Bad reside primarily in the cytosol, whereas Bak
resides primarily in mitochondria, Caspase-3 was found in
the soluble protein compartment, as expected, and we
showed a novel localization of cleaved caspase-3 with
enzymatic activity in the nuclear compartment of nervous
tissue.

We further studied the molecular regulation of target
deprivation-induced neuronal apoptosis by profiling cell
death proteins during the evolution of thalamic neuron
apoptosis. Cell death effector proteins are known to undergo
changes in their subcellular distributions during apoptosis
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Fig. 7 Identification of DNA damage in dorsal lateral geniculate nuc-
leus (dLGN) neurons after occipital cortex ablation. Brain sections
were reacted with monoclonal antibodies to (a and b) 8-hydroxy-
2-deoxyguanosine (OHdG) and (c and d) single-stranded DNA (ssDNA}
with sites of antibody binding visualized by immunoperoxidase and
diaminobenzidine (brown reaction product). Sections exposed to the
same antibody were processed using identical conditions and were
counterstained with cresyl violet. These examples are from animals at
2 days (OHdG) or 4 days (ssDNA) post-lesion. The OHdG immuno-
reactivity (IR) in neurons (arrowheads) in the contralateral dLGN (a)
was much lower compared with the ipsilateral dLGN (b). Subsets of
neurons (see Fig. 8a for quantification) in the ipsilateral dLGN had

leading to multimerization, membrane integration, cyto-
chrome ¢ release from mitochondria and caspase activation
(Wei et al. 2001). We found by immunoblotting that the
synchronized apoptosis of dLGN projection neurons occurs
in association with differential subcellular changes in pro-
apoptotic molecules. Within 1 day of target deprivation, Bax
increased in the mitochondria-enriched fraction of dLGN.
Bak increased later. Few studies have demonstrated such a
rapid (within 1 day) redistribution of Bax during apoptosis of
neurons or of cells in general. During excitotoxic neuronal
apoptosis, Bax undergoes a subcellular redistribution within
2 h of glutamate receptor activation (Lok and Martin 2002).
Very few studies have addressed the role of Bak in neuronal
apoptosis. The increased expression of Bak during dLGN
neuron apoptosis in vive is a new finding. An in vitro study
of neonatal peripheral nervous system neurons deprived of
nerve growth factor failed to reveal a change in Bak during
apoptosis (Putcha ef al. 2002). However, experiments on
non-neuronal cells suggest that Bax and Bak are essentially
interchangeable (Wei et al. 2001). We found that both Bax
and Bak showed an increased expression and subcellular
redistribution during target deprivation-induced neuronal

intense cytoplasmic and nuclear OHdG IR (b, arrowheads), whereas
neurons in the contralateral dLGN had mostly faint cytoplasmic OHdG
IR (a, arrowheads). The ssDNA IR in neurons (arrowheads) in the
contralateral dLGN (c) was very faint compared with the ipsitaterat
dLGN (d). In ssDNA preparations, there was some loss of neuropil
integrity due to the required DNA denaturation with heat and forma-
mide. Subsets of neurons (see Fig. 8b for quantification) in the ipsi-
lateral dLGN had strong nuclear ssDNA (R (d, arrowheads) whereas
neurons in the contralateral dLGN had barely detectable to no staining
(c, arrowheads). Scale bar (shown in d) = 25 pm (for a and b) and
40 pm (for c and d).

apoptosis within the CNS but, interestingly, the timing of
the changes was different for these two pro-apoptotic
molecules. Our results on apoptosis of CNS neurons show
that Bax is a rapid-response protein whereas Bak is a
delayed-response protein. Our results suggest that there may
be coordinated hierarchical or independent functions for Bax
and Bak during neuronal apoptosis. The idea of a coordina-
ted participation of these two molecules is supported by the
finding that Bax translocates to mitochondria and then
coalesces with Bak into mitochondria-associated clusters
during apoptosis in non-neuronal cells (Nechushtan et al.
2001). Bak may, therefore, be involved in reinforcing the cell
death process after Bax engages the process in CNS neurons.

Neurons are dependent on target- or afferent-derived
neurotrophic factors for survival. Withdrawal of neutrophins
results in neuronal apoptosis. Some neurotrophins possess
antiapoptotic activity by interacting with membrane tyrosine
kinase receptors linked to phosphoinositide-3 kinase (PI-3
kinase) (Franke et al. 1997). Activation of PI-3 kinase leads
to activation of protein kinase B (PKB/Akt) by phosphory-
lation. Active Akt phosphorylates Bad at Serl136 (del Peso
ef al. 1997) causing phospho-Bad to disassociate from Bcl-2

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 85, 234-247



_@
g 600 1 Ccontra .
4
£
7]
[=]
o
[V]
o
P 1. 2 3 4 5
Days Postlesion
(b)
=
€ a0
§ . 600
= é 400
0
5 2 200
s 0
Q 1 2 3 4 5
@ Days Postlesion

Fig. 8 Counts of the numbers of neurons with DNA damage in the
dorsal lateral geniculate nucleus (dLGN}) after occipital cortex ablation.
Immunocytochemistry was used to detect (a) 8-hydroxy-2-deoxy-
guanosine (OHdG) and (b) single-stranded DNA (ssDNA) lesions in
neurons in the ipsilaterat (ipsi, M) and contralateral {contra, [J) LGN
at 1, 2, 3, 4 and 5 days post-lesion (n = 4 rats/time point). Cells with
only nuclear immunoreactivity were counted. The number is immuno-
posttive neurons/mm?, The values are mean + SD. Significance dif-
ferences from control dLGN (contra) are denoted by *p < 0.05,
**p < 0.01 or **p < 0.001.

or Bcl-X; within mitochondrial membranes and to trans-
locate to the cytosol where it is sequestered by protein 14-3-3.
This process allows Bcl-2 and Bcl-X;p to exert their
antiapoptotic function(s). Until now we have assumed that
occipital cortex ablation induces an in vivo state of target
deprivation and neurotrophin withdrawal of dLGN neurons
but, other than the apoptosis of these neurons, evidence to
support this assumption has not been forthcoming. The
finding that Bad undergoes an early sustained increased in
the dLL.GN, particularly in the mitochondria-enriched fraction,
suggests that its phosphorylation and cytosolic sequestration
by 14-3-3 are diminished, supporting the proposition that this
CNS lesion is an in vivo model of neurotrophin withdrawal-
induced neuronal apoptosis.

Because we used a bomogenate-based assay of dLGN
tissue, we currently assume that the changes in cell death
proteins occur in apoptotic corticopetal projection neurons.
Neurons are the primary cells that undergo apoptosis in this
model as shown directly by electron microscopy (EM)
(Al-Abdulla and Martin 1998; Al-Abdulla ef al. 1998).
Although immunoblot analysis of subcellular fractions is
commonly used to assay for translocation of proteins, the
increase in Bax, Bak and Bad in mitochondria of neurons
needs to be shown directly in future studies by quantita-
tive immunogold EM (Martin and Liu 2002a). These
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Fig. 9 Counts of the number of neurons remaining in the dorsal lateral
geniculate nucleus (dLGN) at 7 days after occipital cortex ablation in
mice with (a) transgenic (Tg) antioxidant enzyme therapy and in rats
with phamacotreatments with (b) trolox or (c) ascorbate. The neuronal
number is represented as the mean = SD of the percentage of con-
tralateral (contra) control dLGN neuron number as determined using
stereclogy. Tg mice overexpressing normal human SOD1 were
significantly (*p < 0.01) protected against the neuronal apoptosis
induced by target deprivation compared with wild-type control mice (a).
Neither trolox [50 mg/kg, i.p. (b)] nor ascorbate [50 mg/kg, i.p. (c)] for
7 days after the lesion protected against the neuronal apoptosis
compared with their respective vehicle controls.

immunolocalization experiments will require the identifica-
tion of monospecific antibodies that can be used appropri-
ately for immunocytochemistry.

Our results on caspase-3 demonstrate that neuronal
apoptosis in this adult in vivo CNS model is associated with
caspase-3 pro-enzyme cleavage and increased caspase-3
enzyme activity. Cleaved caspase-3 accumulates in different
types of neurons destined to undergo apoptosis in several
model systems, including dLL.GN neurons after target depri-
vation in immature mouse brain (Natale ef al. 2002),
excitotoxically injured striatal neurons in immature rat brain
(Lok and Martin 2002) and cortical neurons with DNA
damage in vitro (Lesuisse and Martin 2002). These results
indirectly support the conclusion that dLGN neuron apop-
tosis induced by target deprivation is caspase dependent.
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This interpretation is not novel or surprising when
considering that activation of caspase-3 is a major down-
stream event in several forms of apoptosis (Kuida et al.
1996). Work on neuronal apoptosis in another adult in vivo
CNS model (e.g. retinal ganglion cell axotomy) has revealed
caspase dependence by pharmacological inhibition of
caspase-3 (Kermer et al. 1998). Nevertheless, we provide
‘some new information on an wunsuspected early phase
caspase-3 activation and a later phase nuclear translocation
of biochemically active caspase-3. Moreover, the presence of
cleaved caspase-3 may not be equivalent to the presence of
biochemically active caspase-3. It is interesting that the
increased activity seen at 1 day post-lesion in the soluble
fraction did not appear to require additional formation of
cleaved subunits. In addition, the massive increase in cleaved
caspase-3 in nuclear fractions at 6 days post-lesion did not
have a corresponding increase in activity. Our previous
in vitro data suggest that apoptosis of cortical neurons can
involve caspase-3 changes without additional cleavage after
an apoptotic stimulus (Lesuisse and Martin 2002). It is
possible that the early events of apoptosis of mature neurons
can be engaged without the formation of additional caspase-3
subunits via proteolysis of pro-enzyme and that pre-existing
low levels of cleaved caspase-3 can play a role, along with
other proteins such as Bax, in initiating the death process.
Many proteins appear to interact with cleaved caspase-3, as
shown by cross-linking experiments, and constitutively
cleaved caspase-3 might be regulated by interacting proteins
(Lesuisse and Martin 2002). In healthy normal cells, cleaved
caspase-3 might interact with possible endogenous inhibitor
proteins or the subunits may be folded or assembled as
inactive enzyme. In this state, constitutive cleaved caspase-3
would be inactive enzymatically and could not execute the
apoptotic process. Thus, a rapid increase in caspase-3 activity
in mature neurons might occur by mechanisms other than
proteolytic cleavage of pro-enzyme, while later events in the
apoptotic process, possibly occurring in the nucleus such as
activation of DNA fragmentation pathways, appear to require
recruitment of additional subunits by proteolysis. However,
at near endstage apoptosis cleaved caspase-3 appears to loose
its biochemical activity as suggested by our results at 6 days.
This result is consistent with the accumulation of cleaved
caspase-3 in cellular fragments and apoptotic debris of
cortical neurons in vitro (Lesuisse and Martin 2002) as well
ag striatal neurons (Lok and Martin 2002) and dLGN neurons
(Natale ef al. 2002) in vivo. Cleaved caspase-3 has been
found in the nucleus of non-neuronal cells (Jurkat cells)
undergoing apoptosis (Zhivotovsky ef al. 1999). The func-
tions of caspase-3 in nervous tissue may be even more
complicated than previously realized, as suggested by the
transient increase in caspase-3 activity in the non-lesioned
dLGN at 5 days post-lesion, where no loss of neurons occurs
but astroglial activation and induction of pS3 in astrocytes
has been observed (Martin et al. 2001). By immunoelectron

microscopy we have found cleaved caspase-3 at synaptic
sites in the adult brain (unpublished observations). In this
regard, caspase-3 may function in synaptic plasticity and
regeneration rather than cell death.

DNA damage may be an upstream trigger for dLGN
neuron degeneration. We show that dLGN neurons acquire
two forms of DNA damage at early pre-apoptotic stages.
This genotoxicity was observed as OHdG-DNA lesions and
ssDNA lesions. These lesions may be caused by oxidative
stress. Several reactive oxygen species (ROS), including
H,0;, hydroxyl radical and ONOQ", induce DNA damage
(Aust and Eveleigh 1999). ONOO™ is the product of the
reaction between nitric oxide and superoxide anion (Beck-
man 1990) which, by themselves, are not aggressively toxic
to DNA. We have found that the neuronal genome is
particularly sensitive to ONOQ™, with this ROS inducing
abasic sites, single- and double-strand breaks (Martin and Liu
2002b). ONOO™ can also cause OHdAG lesions through the
formation of hydroxyl radical-like intermediates (Coddington
et al. 1998). It is not yet clear if OHdG-DNA lesions and
ssDNA lesions in dLGN neurons are related, because OH-
DNA adducts can lead to abasic sites that are converted
subsequently to DNA single-strand breaks (Kohn 1991).

We evaluated whether oxidative stress participates in the
mechanisms of dLGN neuron apoptosis by determining if
antioxidant strategies are neuroprotective in our model.
Transgenic overexpression of SOD1 provided significant
protection against the apoptosis; however, treatment with
trolox and ascorbate were ineffective. The SOD1 overex-
pression can also block apoptosis of sympathetic ganglion
neurons induced by nerve growth factor withdrawal in vitro
(Greenlund ef al. 1995). The only known function of SODI
is catalyzing the dismutation of superoxide anion into O, and
H,0, (McCord and Fridovich 1969). Our results directly
implicate superoxide, or its derivative ONOQ™, in the trigger
for neuronal apoptosis in vivo. We do not yet know whether
the protection afforded by enforced SOD1 expression is due
to increased SOD1 after target deprivation/axotomy or if the
neurons in these animals are intrinsically more resistant to
injury due to brain changes that have occurred during their
lifetime. We hypothesize that the mechanism of SODI
peuroprotection in dLGN neurons is through potentiated
SOD1 induction early after the injury and attenuation of
DNA strand breakage and p53 activation. Previous work on
the benefits of antioxidant pharmacotherapy in protecting
against target deprivation/axotomy-induced neuronal apop-
tosis is scant and existing studies have employed entirely
different model systems from that used here. In an adult rat
model of retinal ganglion cell death induced by optic nerve
transection, systemic treatment with the unspecific free
radical scavenger N-tert-butyl-(2-sulfophenyl)-nitrone did
not protect the neurons (Klocker et al. 1998). However,
N-tert-butyl-(2-sulfophenyl)-nitrone was neuroprotective in
an embryonic chick model of retinal ganglion cell axotomy
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when the drug was delivered by intraocular injection
(Castagné et al. 1999). A problem with our study and other
studies in rat using systemic treatment is the uncertainty
regarding the bioavailability of the aritioxidant drug to the
damaged neurons. It is possible that the lack of effects with
trolox and ascrobate is due to inadequate blood—brain barrier
penetration and insufficient brain concentrations, but previ-
ous studies using other brain damage models have shown
neuroprotective actions at concentrations lower than used
here (Usuki e al. 2001). As revealed by a study on
axotomized ganglion cells in chick embryos (Castagné et al.
1999), there may be an optimal dose range for antioxidant
neuroprotection in adult rat brain that we missed. Alternat-
ively, unlike enforced expression SOD]1, trolox and ascorbate
may not have sufficient targeting to specific ROS such as
superoxide or ONOO™.

Cells that have sustained DNA damage from ROS and
other genotoxic agents undergo apoptosis by engaging

molecular cascades involving expression or activation of

p53, Bel-2 family members and caspases (Polyak et al.
1997). p53 regulates target-deprivation-induced neuronal
apoptosis in the dLGN because p53™ mice show less
neuronal loss than p53*" mice (Martin et al. 2001). A
critical question that remains to be elucidated is how DNA
damage is communicated to p53 so that it becomes activated
and functional in peurons. Ser392-phosphoryated p53 accu-
mulates in dLGN neurons during their degeneration and this
p53 has enhanced DNA-binding activity (Martin et al.
2001). We now show a massive accumulation of SerlS5-
phosphorylated p53 in the dLGN during apoptosis. This
accumulation was maximal at 4 days after injury, at a time
when ssDNA-positive neurons were most numerous; ssSDNA
is a potent activator of p53 (Jayaraman and Prives 1995).
Specific protein kinases transduce the DNA damage signal to
p53 by serine phosphorylation. DNA-dependent protein
kinase (DNA-PK) and ataxia telangiectasia protein, members
of the PI-3 kinase family, phosphorylate p53 at Serl5 and
Ser20 (Nakagawa et al. 1999; Shangary et al. 2000). Casein
kinase II phosphorylates p53 at Ser392 (Milne et al. 1992).
Phosphorylation regulates the interactions of p5S3 monomers.
p53 can form homotetramers and must be in tetrameric form
for sequence-specific DNA binding and transcriptional
activation (Kohn 1999). Tetramerization is stimulated by
phosphorylation of Ser392. This phosphorylation increases
10-fold the association constant for tetramer formation. In
non-peuronal cells, DNA-double-strand breaks (DSB) are
recognized and bound by the heterodimeric regulatory
subunits of DNA-PK (Ku70/80), thereby recruiting the
catalytic DNA-PK that phosphorylates p53. In in vitro
systems, DNA-PK-mediated phosphorylation of p53 at Serl5
alleviates the inhibition by murine double minute-2 and
correlates with the stabilization of p53 and its activation as a
transcription factor (Shieh ef al. 1997; Shangary et al. 2000).
Ataxia telangiectasia protein is required for the phosphory-
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lation of p53 at Ser15 and Ser20. I vitro studies have shown
that DNA-DSB result in Serl5 phosphorylation of p53 and
stabilization through a process mediated by ataxia telangiec-
tasia protein (Shangary et al. 2000). The transcriptional
activity of p53 enhances the expression of Bax and Bak (Pohl
et al. 1999; Kannan et al. 2001). The elevated levels of Bak
in the dLGN at 4 days and thereafter could be the result of
p53 activation and this mechanism could enforce the
apoptotic process initially engaged by a rapid subcellular
redistribution of Bax.

This study delineates for the first time the activation of cell
death effector mechanisms during target deprivation-induced
neuronal death in adult brain that is structurally verified as
primarily apoptosis. Pro-apoptotic proteins undergo early and
delayed changes in their subcellular distributions during the
progression of neuronal apoptosis in adult rat brain. The
initiation of this death cascade appears to occur relatively fast,
within 1 day of target deprivation. This neuronal apoptosis
appears to be mediated by overlapping and sequential
signaling pathways with DNA damage generated by super-
oxide derivatives as an upstream mechanism for p53-regula-
ted, Bax-dependent apoptosis of target-deprived neurons.
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ABSTRACT: The mechanisms of injury-induced ap-
optosis of neurons within the spinal cord are not under-
stood. We used a model of peripheral nerve-spinal cord
injury in the rat and mouse to induce motor neuron de-
generation. In this animal model, unilateral avulsion of the
sciatic nerve causes apoptosis of motor neurons. We tested
the hypothesis that p53 and Bax regulate this neuronal
apoptosis, and that DNA damage is an early upstream
signal. Adult mice and rats received unilateral avulsions
causing lumbar motor neurons to achieve endstage apo-
ptosis at 7-14 days postlesion. This motor neuron apoptosis
is blocked in bax™"~ and p53™/~ mice. Single-cell gel elec-
trophoresis (comet assay), immunocytochemistry, and
quantitative immunogold electron microscopy were used
to measure molecular changes in motor neurons during
the progression of apoptosis. Injured motor neurons ac-
cumulate single-strand breaks in DNA by 5 days. p53

accurmnulates in nuclei of motor neurons destined to un-
dergo apoptosis. p53 is functionally activated by 4-5 days
postlesion, as revealed by immunodetection of phosphory-
lated p53. Preapoptotically, Bax translocates to mitochon-
dria, cytochrome ¢ accumulates in the cytoplasm, and
caspase-3 is activated. These results demonstrate that mo-
tor neuron apoptosis in the adult spinal cord is controlled
by upstream mechanisms involving DNA damage and ac-
tivation of p53 and downstream mechanisms involving
upregulated Bax and cytochrome ¢ and their translocation,
accumulation of mitochondria, and activation of caspase-3.
We conclude that adult motor neuron death after nerve
avulsion is DNA damage-induced, p53- and Bax-dependent
apoptosis. © 2002 John Wiley & Sons, Inc. J Neurobiol 50: 181-197,
2002; DOI 10.1002/neu. 10026

Keywords: amyotrophic lateral sclerosis; bax™" mice;
DNA damage; p53™'~ mice; spinal cord trauma

INTRODUCTION

Apoptosis is an organized form of cell death that is
mediated by active, intrinsic mechanisms (Yuan and
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Yankner, 2000). Apoptosis in the nervous system is
important for a variety of reasons. Apoptosis of neu-
rons and non-neuronal cells occurs normally in the
developing nervous system (Gliicksmann, 1951; Op-
penheim, 1991), and defects in apoptosis can cause
cerebral malformations during embryogenesis (Kuida
et al., 1996; Hakem et al., 1998). Apoptosis might
also participate in the pathogenesis of abnormal neu-
ronal death in chronic and acute neuropathological
disorders (Martin et al., 1998; Yuan and Yankner,
2000; Martin, 2001). For example, the genes for neu-
ronal apoptosis inhibitory protein and survival motor
neuron protein are mutant in some children with pe-
diatric forms of motor neuron disease such as spinal
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muscular atrophy (Roy et al., 1995; Lefebvre et al.,
1995). The neuronal degeneration in adult types of
motor neuron disease such as amyotrophic lateral
sclerosis (ALS) is apoptosis (Martin et al., 2000,
Martin, 2001): Apoptosis of neurons and nonneuronal
cells contributes to the neuropathology in animal
models of spinal cord trauma (Liu et al., 1997). There-
fore, understanding the molecular regulation of apo-
ptosis is highly relevant to human spinal cord disor-
ders as well as other neurodegenerative disorders of
the human central nervous system (CNS).

Motor neurons in individuals with ALS sustain
DNA damage (Martin, 2001), and the oncosuppressor
protein p5S3 may participate in the mechanisms of
motor neuron apoptosis in ALS (Martin, 2000). This
DNA binding protein functions in genome surveil-
lance, DNA repair, and as a transcription factor. p53
commits to death cells that have sustained DNA dam-
age from reactive oxygen species and other genotoxic
stresses. The mechanisms by which p53 induces ap-
optosis are largely unknown. p53 is a direct transcrip-
tional activator of the bax gene (Miyashita and Reed,
1995) and a transcriptional repressor of the bcl-2 gene
(Miyashita et al., 1994); thus, apoptosis is thought to
be executed by molecular cascades involving expres-
sion or activation of p53, Bax, and caspases (Polyak et
al., 1997).

The understanding of the mechanisms of apoptosis
in nervous system cells is much less advanced com-
pared to cells of non-nervous tissue origin. Studies
have shown recently that Bax is critical for apoptosis
of neurons in cell culture (Deckwerth et al., 1996;
Cregan et al., 1999; Putcha et al., 1999), and is re-
quired for neuronal apoptosis during development
(Deckwerth et al., 1996). However, the mechanisms
of injury-induced neuronal apoptosis within the CNS
are-much less understood compared to cell culture and
developmental paradigms. We used an injury model
of neuronal apoptosis within the rodent spinal cord to
identify the in vivo mechanisms of motor neuron
apoptosis. In this model, we have found that sciatic
nerve avulsion reliably induces apoptosis of motor
neurons (Martin et al., 1999; Liu and Martin, 2001a),
although the involvement of apoptosis in the death of
adult spinal motor neurons is still controversial (Li et
al., 1998; Chan et al., 2001). The evolution of apo-
ptosis in these neurons is associated with oxidative
stress and the accumulation of nuclear DNA damage
in the form of hydroxyl radical damage (Martin et al.,
1999) and single-strand breaks (Liu and Martin,
2001a). We used this model to test the hypothesis that
injury-induced apoptosis of motor neurons in the adult
spinal cord is controlled by p53, Bax, and caspase-3.

MATERIALS AND METHODS

Animals

Adult male rats and gene-deficient and wild-type mice were
used for these experiments. Sprague-Dawley rats (Charles
River, Wilmington, MA) weighed ~150-200 g. Mice
(Jackson Labs) were deficient in the bax gene (bax™", n
= [6) or the p53 gene (p53™"~, n = 18), and were 6—8
weeks of age when used. Bax-deficient mice were the
C57BL/6-Bax""'S* congenic strain. p53-deficient mice
were the I2‘9/Sv-Trp53"“'Ty-i strain. C57BL/6 mice (n = 20)
served as wild-type controls for bax-null mice, and 129/Sv
mice (n = 18) served as wild-type controls for p53-null
mice. The animals were housed in a colony room with a
12 h:12 h light:dark cycle and ad libitum access to food and
water. The Animal Care and Use Committee of the Johns
Hopkins University School of Medicine approved the ani-
mal protocol.

In Vivo Model of Motor Neuron
Apoptosis

The unilateral sciatic nerve avulsion model was used as an
in vivo model for apoptosis of spinal motor neurons (Martin
et al., 1999; Liu and Martin 2001a). Mice and rats were
deeply anesthetized with enflurane/oxygen/nitrous oxide (1:
33:66). A midline incision was made in the lateral aspect of
the left pelvis and upper hindlimb. The sciatic nerve was
located by blunt retraction of the biceps femoris and gluteus
muscles, and was tracked proximally to an extravertebral
location deep within the pelvis. A steady, moderate traction
was applied to the sciatic nerve with forceps until the nerve
separated from the spinal cord, resulting in a mixed motor-
sensory root avulsion. Muscle retraction was released and
the overlying skin was sutured. Postlesion survival times
following sciatic nerve avulsion were 1, 2, 3,4, 5,7, 9, 10,
12, 14, 21, and 28 days (n = 6-8 rats per time point) or 3,
4, 5,7, 14, 21, and 70 days (n = 10-16 mice per time
point).

Quantification of Motor Neurons

Bax-deficient mice and wild-type C57BL/6 mice were sac-
rificed at 21 days after lesioning, and p53-deficient mice and
wild-type 129/Sv mice were sacrificed at 21 and 70 days
after lesioning. Animals were anesthetized with an overdose
of chloral hydrate and perfused intracardially with ice-cold
phosphate buffer-saline (PBS, 100 mM, pH 7.4) followed
by ice-cold 4% paraformaldehyde in PBS. After perfusion-
fixation, spinal cords were allowed to remain in situ for 1 h
before they were removed from the vertebral column. After
the spinal cords were removed, lumbar enlargements were
dissected under a surgical microscope segment by segment
and they were cryoprotected in 20% glycerol-PBS, and
frozen under pulverized dry ice. Transverse serial symmet-
rical sections (40 wm) through the lumbar cord were cut
using a sliding microtome. Serial sections from each mouse



brain were mounted on glass slides and stained with cresyl
violet for neuronal counting. Neuronal counts in the ipsilat-
eral and contralateral ventral horns were made at 1000X
magnification using the stereological optical disector
method as described (Calhoun et al., 1996; Al-Abdulla et
al., 1998). Motor neurons without apoptotic structural
changes (using strict morphological criteria) were counted.
These criteria included a round, open, pale nucleus (not
condensed and darkly stained), granular Nissl staining of the
cytoplasm, and a diameter of ~30-40 um. With these
criteria, astrocytes, oligodendrocytes, and microglia were
excluded from the counts. Neuronal counts were used to
determine group means and variances, and comparisons
among groups were analyzed using a one-way analysis of
variance and a Student’s ¢ test. The experiments were con-
trolled at two levels. Bax-deficient mice have more neurons
than wild-type mice (Deckwerth et al., 1996); therefore,
neuronal counts in the contralateral ventral horn always
served as controls for the ipsilateral ventral horn in lesioned
Bax- and p53-null mice. In addition, neuron counts in
wildtype mice served as strain controls.

Immunolocalization of p53, Bax,
Cytochrome ¢, and Active Caspase-3 in
Spinal Motor Neurons after Sciatic
Nerve Avulsion

The expression and localization patterns of p53, Bax, cyto-
chrome ¢, and caspase-3 were examined in spinal motor
neurons during apoptosis at the light microscopic level in rat
and mouse. Animals were anesthetized and perfusion-fixed,
and the spinal cords were prepared as described above. p53,
Bax, and caspase-3 were detected in rat and mouse spinal
cord sections using a standard immunoperoxidase method
with diaminobenzidine as chromogen. Cytochrome ¢ was
detected in rat spinal cord sections by immunofluorescence.

The antibodies used for immunocytochemistry have
been characterized previously. Three different commercial
antibodies to p53 were used. Two of these antibodies rec-
ognize pS53 regardless of phosphorylation state [BMG-1B1,
1 pug IgG/mL (Roche), and Pab240, | ug IgG/mL (Santa
Cruz)]. The other p53 antibody that we used detects p53
only when it is phosphorylated at Ser392 (Oncogene), and
thus recognizes activated p53 (Levine, 1997). The specific-
ities of these p53 antibodies have been evaluated previously
(Martin, 2000; Martin et al., 2001). These antibodies are
highly specific for detecting a2 major protein band at ~53
kDa that has the same mobility as recombinant p53. These
antibodies supershift p53 in DNA binding experiments
(Martin et al., 2001). Immunostaining for Bax was detected
with two different antibodies: a rabbit polyclonal antibody
that recognizes the N-terminal residues 1-12 of human Bax
(Upstate), and a mouse monoclonal antibody to Bax
(Pharmingen). Caspase-3 was detected with a rabbit poly-
clonal antibody that specifically detects the cleaved (active)
form of caspase-3; the specificity of this antibody has been
confirmed by immunoblotting (Northington et al.,, 2001).
Cytochrome ¢ was detected with a rabbit polyclonal anti-

Mechanisms of Motor Neuron Apoptosis 183

body (Santa Cruz), which has also been characterized by
immunoblotting (Martin et al., 2000). Negative control sec-
tions were incubated in comparable dilutions of immuno-
globulin G or with primary or secondary antibody omitted.
For Bax immunostaining, spinal cord sections from bax™"~
mice also served as negative controls.

Immunogold-EM for Bax and
Cytochrome ¢ Translocation
in Motor Neurons

We directly evaluated whether subcellular translocation of
Bax and cytochrome ¢ occurs specifically in motor neurons.
This analysis has not been done before quantitatively at the
cellular level in situ, and cannot be done by Western blot-
ting. Rats with sciatic nerve avulsions were perfused with
4% paraformaldehyde/0.5% glutaraldehyde in PBS. Vi-
bratome sections of LS spinal cord were processed using an
immunogold-silver intensification detection system and a
flat sample-epon embedding technique to determine the
subcellular localization of Bax and cytochrome c. Spinal
cord sections were preincubated in gelatin-BSA and then
incubated (at 4°C) for 3 days with antibody to Bax or
cytochrome ¢. After primary antibody incubation, sections
were rinsed and incubated (at room temperature) with goat
antirabbit IgG conjugated to 1 nm colloidal gold diluted
1:50 for 4 h, followed by silver enhancement solution for
10-20 min (Amersham Life Science, Arlington Heights,
IL). L5 ventral horns of immunostained spinal cord sections
were microdissected discretely under a microscope. Ipsilat-
eral and contralateral samples were osmicated, dehydrated
by graded concentrations of ethanol, and embedded in resin.
Plastic blocks containing L5 motor neurons were serially
thin sectioned using ultramicrotomes (Sorvall). Ultrathin
sections, stained with lead citrate (15 min), were viewed and
photographed with a JEOL electron microscope. Electron
micrographs of motor neurons were shot by an observer
unaware of sample history.

Ipsilateral and contralateral L5 motor neurons from the
same sections were compared. Immunogold labeling of
mitochondrial and cytosolic compartments was quantified in

_ electron micrographs (shot and enlarged at constant magni-

fication) of contralateral control and ipsilateral lesioned
motor neurons at prechromatolytic and chromatolytic stages
of apoptosis (Martin et al., 1999) using point-hit counting
by an observer unaware of sample history. A plastic, trans-
parent, orthogonal grid {(grid point area = 0.01 pm?) was
placed on each micrograph, and the number of points that
fell on mitochondria were counted along with the number of
immunogold particles bound to mitochondria and “free” in
the cytosol. The data were analyzed using a one-way anal-
ysis of variance and a Student’s ¢ test.

Comet Assay

The comet assay is a method for identifying early damage to
genomic DNA of eukaryotic cells on a single-cell basis (see
Liu and Martin, 2001b, for historical citations). Depending
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upon the pH conditions, different types of DNA lesions are
detectable in neurons by comet assay, including apurinic/
apyrimidinic (AP or alkali-labile sites), single-strand breaks
(SSB), and double-strand breaks (Liu and Martin, 2001b).
In this study, we were interested in the formation of SSB.
These DNA lesions are a loss of a purine or pyrimidine base
and the deoxyribose with a cut in the phosphodiester back-
bone. We tested the hypothesis that DNA-SSB are formed
early in the process of motor neuron apoptosis after sciatic
nerve avulsion.

Because the comet assay is a single-cell assay, we de-
veloped a new method to isolate motor neurons for gel
electrophoresis (Liu and Martin, 2001b). This technique can
be used to isolate a spinal cord ventral horn cell suspension
with a neuronal composition that is ~86% motor neurons
(Liu and Martin, 2001a, 2001b). Spinal cords were isolated
from adult rats at 5, 7, 10, 14, and 28 days after sciatic nerve
avulsions. The animals were anesthetized deeply with a
mixture of enflurane/oxygen/nitrous oxide (1:33:66) and
then decapitated. The entire lumbar enlargements (divided
into ipsilateral and contralateral sides) were used. After
removing the pia, lumbar enlargements were dissected seg-
mentally under a surgical microscope, and then the seg-
ments were microdissected into gray matter columns of
ventral horn without appreciable contamination of dorsal
horn and surrounding white matter funiculi. Gray matter
tissue columns from ventral horns of lumbar enlargements
were collected and rinsed in a cell culture dish on ice
containing dissection medium (1 X Ca?* and Mg?* free
Hanks balanced salt solution, GibcoBRL, Grand Island,
NY, supplemented with glucose and sucrose).

To identify DNA damage in motor neurons undergoing
apoptosis in vivo, the comet assay was used on motor
neuron cell suspensions prepared from rats with sciatic
nerve avulsions. Motor neurons from ipsilateral or contralat-
eral (control) ventral horns of lumbar enlargements of ani-
mals with unilateral sciatic nerve avulsions were subjected
directly to comet assay immediately after isolation. All the
procedures for comet assay were done under low light to
minimize spontaneous DNA damage.

Motor neurons were embedded into agarose gels for
electrophoresis. The cell microgels were prepared as layers.
The first layer of gel was made by applying 200 uL of
regular melting point agarose (0.7%) onto superfrosted glass
microscope slides (3 X 17, thickness 1 mm) and a coverslip
was laid gently on the agarose. The agarose was allowed to
solidify at 4°C, and the coverslip was removed. Low melt-
ing point agarose was prepared in 100 mM PBS and kept at
37°C. Samples of the motor neuron enriched cell suspension
were mixed with the low melting point agarose, and 50 ul
of a mixture of cell suspension (containing ~4.4 X 10*
motor neurons) and low melting point agarose was applied
to the first gel layer. The slides were then coverslipped and
placed at 4°C for solidification of the cell suspension-
agarose mixture. After the second layer solidified, the cov-
erslips were removed and 100 pl of low melting point
agarose was added on top of the cell layer. The gels were

recoverslipped, and the slides were placed on ice for gel
solidification.

For the elution of DNA from motor neurons during
electrophoresis the cells were lysed and their DNA was
denatured. Coverslips were removed from the cell microgels
and the slides were covered with 1.5 mL of lysis buffer at
pH 10 containing 2.5 M NaCl, 100 mM EDTA, 1% sodium
lauryl sarcosine, 10 mM Tris, and Triton X-100 (final con-
centration 1%, freshly added immediately before use). The
cell microgels were lysed for 30 min (at room temperature).
After draining, microgels were treated with DNA-unwind-
ing solution (300 mM NaOH, 1 mM EDTA, pH 12) for 30
min (room temperature). A pH 12 is appropriate for SSB
detection, because hydrogen bonds destabilize at this pH
and double-stranded DNA separates into individual single
strands, rendering shorter single-stranded DNA (resulting
from SSB) more easily eluted from the nucleus (Liu and
Martin, 2001b). The microgels were then placed directly
into a horizontal gel electrophoresis chamber filled with
DNA-unwinding solution. Gels were run with constant cur-
rent (300 mA at room temperature) for generally 30 min.
After electrophoresis, the microgels were neutralized with
50 mM Tris-HCl (pH 7.5) for 15 min (twice). DNA was
visualized with ethidium bromide staining (20 pg/mL, 20
min at room temperature) after which the microgels were
washed and coverslipped. The evaluation and image acqui-
sition were performed using a Zeiss fluorescence micro-
scope as described (Liu and Martin, 2001a, 2001b). Comet
measurements were performed as described (Liu and Mar-
tin, 2001a, 2001b).

RESULTS

Bax Deficiency Prevents Injury-Induced
Motor Neuron Apoptosis in Adult
Spinal Cord

We used mice with targeted deletions of the bax gene
(bax™") to test the hypothesis that motor neuron
apoptosis in the adult spinal cord is Bax dependent
[Fig. 1(A)]. At 21 days after sciatic nerve avulsion,
the number of motor neurons in the ipsilateral L5 of
wild-type C57BL/6 mice was 54 * 17% (mean
=+ SD) of contralateral L5; in contrast, the number of
neurons in the ipsilateral LS of Bax-deficient mice
was 98.0 * 5% (mean * SD) of contralateral L5.

Loss of p53 Function Protects Aduit
Motor Neurons from Apoptosis

Mice with targeted inactivation of the p53 gene
(p537'7) were used to test the hypothesis that motor
neuron apoptosis in adult spinal cord is p53 dependent
{Fig. 1(B)]. At 21 days after sciatic nerve avulsion,
the number of motor neurons in the ipsilateral L5 of
wild-type 129/Sv mice was 53 * 16% (mean = SD)
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Figure 1 Motor neuron apoptosis in adult spinal cord is
mediated by Bax and p53. Sciatic nerve avulsions were
done on bax*’* (wild type, n = 20) and bax™"" mice (n
= 16) or p53*/* (wild type, n = 10) and p53™"" mice (n
= 18) that were survived for 21 days. Neurons were counted
in the ipsilateral and contralateral (control) L5. Values are
mean * standard deviation. Bax gene deletion (A) and p53
gene inactivation (B) completely blocked the injury-induced
apoptosis of motor neurons (asterisk, p < .05).

of contralateral L5; in contrast, the number of neurons
in the ipsilateral L5 of p53-deficient mice was 93
* 9.0% (mean % SD) of contralateral L5. Thus, loss
of p53 function protects neurons from apoptosis in the
adult brain. To determine whether this effect is sus-
tained, mice were survived for a longer time. At 70
days after sciatic nerve avulsion, the number of neu-
rons in the ipsilateral L5 of wild-type 129/Sv mice
was 50 = 15% (mean *+ SD) of contralateral L5,
whereas the number of neurons in the ipsilateral LS of
p53-deficient mice was 90 * 10% (mean * SD) of
contralateral LS. Thus, deletion of p53 results in sus-
tained protection against motor neuron apoptosis in
spinal cord.

p53 Accumulation Mediates Motor
Neuron Apoptosis after Sciatic
Nerve Lesions

In the normal rat and mouse spinal cord the level of
immunocytochemically detectable p53 is low. Immu-
noreactivity is observed mostly in the nuclei of some
parenchymal glial cells and ependymal cells lining the
central canal. In motor neurons of naive animals, p53
immunoreactivity is observed very rarely. In the non-
lesioned (contralateral) side of spinal cord, p53 im-
munoreactivity is observed in the nucleus of a few
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motor neurons in rat [Fig. 2(A) and (C), arrowheads]
and mouse [Fig. 3(A) and (C), arrowheads]. In con-
trast, p53 immunoreactivity accumulates prominently
in the nucleus of neurons in the ipsilateral ventral horn
of rat [Fig. 2(B) and (D)~(G)] and mouse {Fig. 3(B)
and (D)~(G)]. At 1, 2, and 3 days postlesion, the
locatization of p53 in the ipsilateral ventral horn is not
substantially different from the contralateral ventral
horn. In ipsilateral motor neurons, p53 immunoreac-
tivity is elevated at 4 days in both rat [Fig. 2(B) and
(D)] and mouse [Fig. 3(B) AND (D)} and remains
elevated through 7 days postlesion [Figs. 2(F) and
3(D)-(G)]. Lesioned motor neurons in mouse also
showed a prominent increase in p53 in the cytoplasm
[Fig. 3(D)]. The nuclear sequestration of p53 occurs
in motor neurons prior to and during chromatolysis, as
shown by cresyl violet counterstaining [Fig. 2(D) and
(E), arrowheads]; thus, this is an early event in the
staging of motor neuron apoptosis (Martin et al,,
1999). p53 immunoreactivity is localized to strands in
the nucleus, consistent with a DNA binding protein
[Fig. 2(D), double arrows]. There is some induction of
p53 in contralateral motor neurons by 7 days, but the
difference between ipsilateral and contralateral is dra-
matic, as demonstrated by counting motor neurons
with p53 immunoreactivity. In the rat, at 4 days
postlesion the number (% of contralateral) of motor
neurons with p53 immunoreactivity was 162 * 4%
(mean * SD) and at 7 days postlesion this value
increased to 274 * 70%. In motor neurons showing
structural characteristics of apoptosis [Figs. 2(F) and
3(G)], and in some preapoptotic chromatolytic motor
neurons [Fig. 2(E)] p53 is present in nuclear inclu-
sions. At 7 days postlesion and thereafter, some small
nonneuronal cells that are likely to be astroglia show
an induction of p53 in ipsilateral ventral horn [Fig.
2(G), dotted arrows].

The functional activation of p53 as a transcription
factor in motor neurons was evaluated by immunode-
tection of phosphorylated p53. The phosphorylation
of p53 at Ser392 results in its activation as a DNA
binding protein (Levine, 1997). Ser-392-phosphory-
lated p53 was observed in the cytoplasm and nucleus
of ipsilateral motor neurons at 5 days postlesion
through 14 days in rat [Fig. 4(A) and (B)] and mouse
[Fig. 4(C)] spinal cord.

Bax Undergoes an Intraceliular
Redistribution in Motor Neurons during
Apoptosis

Bax has a critical role in the apoptotic process in many
cells presumably by forming ion-conducting channels in
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Figure 2 p53 immunoreactivity accumulates in rat spinal motor neurons after sciatic nerve
avulsion. In the nonlesioned side of spinal cord at 4 days, few neurons are immunoreactive for p53
[(A) and (C), arrowheads] and subsets of small glial cells are positive [(C), dotted arrow]. (A) A
panoramic view of the contralateral LS group IX motor neurons at low magnification. (C) A high
magnification view of a p53 immunopositive motor neuron (lower right, arrowhead) and a nearby
motor neuron with a completely immunonegative nucleus, illustrating the highly selective and rare
localization of p53 in individual motor neurons and occasional small nonneuronal cells (top left,
dotted arrow) in contralateral side of lumbar spinal cord. In the lesioned side at 4 days, p53
immunoreactivity accumulates in the nucleus of many motor neurons [(B) and (D), arrowheads]. (B)
A panoramic view of the ipsilateral L5 group IX motor neurons at low magnification. (D) A high
magnification view of p53 immunopositive motor neurons (arrowheads.) In some motor neuron
nuclei, p53 immunoreactivity decorates strands in the nucleus [(D), left motor neuron, small double
arrows]. In motor neurons in the chromatolytic stage of apoptosis [(E), arrowhead] p53 immuno-
reactivity aggregates to form novel nuclear inclusions [(E), small double arrows). As apoptosis
progresses to the somatodendritic atrophy stage with nuclear condensation {(F), arrowhead], p53
nuclear inclusions become more prominent as they become dense and dark [(F), top right, small



Figure 3 p53 immunoreactivity accumulates in mouse L5
motor neurons after sciatic nerve avulsion. In the nonle-
sioned side of spinal cord at 4 days, constitutive levels of
p53 are low in motor neurons with only a few neurons
showing faint immunoreactivity {(A), arrowheads]. In the
lesioned side at 4 days, p53 immunoreactivity is increased
in subsets of motor neurons [(B), arrowheads]. In the non-
lesioned side of .spinal cord at 7 days, very few motor
neurons show pS53 immunoreactivity, but these immunopo-
sitive cells have more intense staining than neurons in the
nonlesioned side at 4 days [(C) and (E), arrowheads; com-
pare with (A)]. In contrast in the lesion side, motor neurons
show a dramatic upregulation in the levels of p53 [(D) and
(F), arrowheads], with immunoreactivity filling the cell.
Lesioned motor neurons at 9 days are in the somatodendritic
atrophy stage of apoptosis (i.e., they are shrunken and are
separated from the surrounding neuropil) and remain p53
positive [(G), arrowhead]. Scale bars: [(A), same for (B)-
(D)], 100 wm; [(E), same for (F) and (G)], 12 wm.

the membrane of mitochondria (Antonsson et al., 1997).
Moreover, p53 is a transcriptional activator of the bax
gene (Miyashita and Reed, 1995), and one pathway
through which p53 commits cells to death is Bax up-
regulation. We, therefore, evaluated whether Bax immu-
nostaining patterns change in L5 motor neurons after
sciatic nerve avulsion rat and mouse (Figs. 5 and 6,
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Figure 4 Immunolocalization of active p53 with antibody
to phospho-p53 (ser392) demonstrates nuclear accumula-
tion of active p53 in subsets of ipsilateral LS motor neurons
in rat [(A) and (B), black arrows]} and mouse [(C), black
arrow] at 5 days postlesion. Photomicrographs in (A) and
(B) are of the identical microscopic field but at different
z-axis levels showing a nearby unlabeled motor neuron
(asterisks). Scale bars: [(A), same for (B)], 22 um; (C), 16

wm.

double arrows]. A nearby large nucleus [(F), lower left] contains a p53 nuclear inclusion. Subsets
of small nonneuronal cells, most likely astroglia {distinguished by their small size an ellipsoidal pale
nucleus), in the ipsilateral LS express p53 [(G), dotted arrows] in addition to motor neurons (cell at
far left center). Scale bars: [(A), same for (B)], 47 um; [(C), same for (D)-(G)}, 9 um.
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Figure S Immunolocalization of Bax in LS after sciatic
nerve avulsion. (A) In rat L5 at 7 days after lesioning, Bax
immunoreactivity is increased dramatically in ipsilateral
motor neurons (arrow) compared to the nonlesioned side.
Scale bar = 100 um [same for (E)]. (B)—(D) In nonlesioned
motor neurons, Bax immunoreactivity is enriched in the
cytoplasm and is organized into large Nissl-like aggregates
(B). In lesioned motor neurons in the chromatolytic stage of
apoptosis at 5-7 days (C) Bax immunostaining is increased,

Figure 6 Immunogold-EM localization of Bax and cyto-
chrome c in spinal motor neurons after sciatic nerve avul-
sion. (A) and (B) Constitutive levels of Bax immunoreac-
tivity (arrowheads) in motor neurons are low in motor
neurons in the nonlesioned side of spinal cord (A). Bax is
localized to mitochondria (m), endoplasmic reticulum, nu-
clear envelope, and cytosol [(A), arrowheads]. In lesioned
L5 motor neurons at 7 days, Bax immunolabeling of mito-
chondria and endoplasmic reticulum is increased promi-
nently (B). (C) and (D) In motor neurons in the nonlesioned
side of spinal cord, cytochrome ¢ immunolabeling is asso-
ciated primarily with mitochondria (C), often forming clus-
ters of immunoreactivity [see Fig. 7(A)]. In lesioned motor
neurons at 7 days postlesion (D), cytochrome ¢ is found
diffusely in the cytoplasm [see Fig. 7(B)~(D)]. Scale bar in
(D), same for (A)-(C)] = 0.1 um.

Table 1). In normal motor neurons of rat and wild-type
bax™* mice, Bax immunoreactivity is found as large
aggregates in the cytoplasm [Fig. 5(B)]. This immuno-
reactivity has a distribution similar to Nissl substance by
light microscopy [Fig. 5(B)]. Immunogold EM con-
firmed that Bax immunoreactivity is enriched in aggre-
gates of rough endoplasmic reticulum [Fig. 6(A) and -
(B)]. In lesioned motor neurons undergoing apoptosis,

filling the cytoplasm and the nucleus in a diffuse distribu-
tion (see Table 1 for quantification). In lesioned motor
neurons in the somatodendritic stage of apoptosis, Bax
immunoreactivity remains diffusely localized throughout
the cell. Scale bar in (B) [same for (C) and (D) = 4 um. (E)
In bax™" mice, Bax immunoreactivity is not detectable
[using the same antibody as in (A)~(D}] in ipsilateral (ar-
row) and contralateral sides of L5. Nonspecific staining of
microvessels served as a positive control for the immuno-
peroxidase method. (F) and,(G) p53 gene inactivation in
mice (F) attenuates the elevation in Bax immunoreactivity
seen in wild-type mice (G) after sciatic nerve avulsion.
Scale bar (F) = 100 um [same for (G)).
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Table 1 Quantitative Subcellular Analysis of Bax and Cytochrome ¢ in Adult Spinal Motor Neurons Undergoing
Injury-Induced Apoptosis

Days Mitochondrial Number® Bax IR® Cytochrome ¢ IR
After
Lesion® Contra Ipsi Total Mitochondria Total Mitochondria
5 0.53+0.18 050 * 0.16 975 + 2.1 91.0 = 127 147 + 5.1% 108.6 + 17.6
[F(1, 5) = 6.93;
p = 0.04)
7 0.58 012  0.85 £ 0.23* 196.6 + 4.2 400.0 *+ 101.0%* 170.8 * 46.7* 72.6 * 10.2%*
[F(1,5) = 6.75; [F(1,6) = 6.21; [F(1, 6) = 16.12; ([F(l,5) = 8.12; [F(l,5) = 17.32;
p = 0.04] p = 0.03] p = 0.001) p = 0.04] p = 0.005]
9 0.65 007 076 * 0.38 92.5 + 84 67.7 £ 9.0%* 281.1 * 62.3* 204 * 20.0%¢
[F(1, 6) = 14.01; [F(1,5) = 9.01; [F(l, 5) = 17.89;
p = 0.005] p = 0.02) p = 0.0001]

* The lesion was a unilateral sciatic nerve avulsion in adult (150-200 g) male rat.

® Mitochondrial number/um? in ipsilateral (ipsi) and contralateral (contra) L5 motor neurons. Values are mear *+ SD based on analysis
of serial thin sections of 5-10 group IX motor neurons per side. Single asterisk indicates significantly different (p < 0.05) from contralateral
side. The calculated F-values for the analysis of variance and the post hoc probabilities are indicated for the significant values.

¢ The level of Bax immunoreactivity (IR) in ipsilateral L5 motor neurons is represented as % (mean * SD) of contralateral LS motor
neurons. Total refers to cytoplasmic Bax immunogold particles (free and organelle-associated) and mitochondrial refers to only mitochondrifal-
associated Bax immunogold particles. Single asterisk indicates significantly increased (p < 0.05) from contralateral side. Double asterisk
indicates significantly decreased (p < 0.01) from contralateral side. The calculated F-values for the analysis of variance and the post hoc
probabilities are indicated for the significant values.

4 The level of cytochrome ¢ immunoreactivity (IR) in ipsilateral LS motor neurons is represented as % (mean * SD) of contralateral L5
motor neurons. Total refers to cytoplasmic cytochrome ¢ immunogold particles (free and organelle-associated) and mitochondrial refers to only
mitochondrial-associated cytochrome ¢ immunogold particles. Single asterisk indicates significantly increased (p < 0.05) from contralateral
side. Double asterisk indicates significantly decreased (p < 0.01) from contralateral side. The calculated F-values for the analysis of variance
and the post hoc probabilities are indicated for the significant values.

the pattern of Bax immunostaning changes notably in
two ways. In the rat and mouse, Bax immunostaining is
enhanced in lesioned motor neurons compared to con-
tralateral motor neurons as revealed by light microscopy
[Fig. 5(A)]. Quantitative immunogold EM showed a
twofold increase in total Bax immunoreactivity in ipsi-
lateral L5 motor neurons by 7 days [Table 1, Fig. 6(B)].
In addition, Bax immunoreactivity redistributes in le-
sioned motor neurons. By light microscopy the lesioned
L5 motor neurons show a marked increase in Bax lev-
els, and the pattern of Bax immunostaining changes
from large aggregates to finer particles within the
cytoplasm and nuclear staining [Fig. 5(C) and (D)].
Immunogold EM showed a prominent increase
(~400%) in mitochondrial-associated Bax immunoreac-
tivity by 7 days postlesion [Table 1, Fig. 6(B)]. Bax
accumulates within mitochondria at perinuclear loca-
tions in injured motor neurons [Fig. 6(B)]. This in-
crease in mitochondrial Bax was transient because by
9 days postlesion mitochondrial-associated Bax is
significantly lower than contralateral motor neurons
and, by light microscopy, there is a corresponding
decrease in Bax immunostaining intensity [Fig. S(D)].
Bax immunostaining was not detectable in nonlesioned
and lesioned bax ™'~ mice [Fig. S(E)]. Inactivation of the
p53 gene altered the Bax staining patterns. p53™" mice
had lower constitutive expression of Bax and, after le-

sioning, the enhancement of Bax immunostaining in
motor neurons was attenuated [Fig. 5(F) and (G)]. How-
ever, bax gene deletion did not prevent the induction and
activation of p53 in lesioned motor neurons (data not
shown).

Motor Neurons Destined to Undergo
Apoptosis Accumulate Mitochondria

We have shown previously that avulsed motor neu-
rons accumulate cytochrome c¢ oxidase activity
(Martin et al., 1999), but the significance of this
finding is not clear. To evaluate possible changes in
mitochondrial distribution and number, mitochon-
dria were counted in lesioned and control L5 motor
neurons in serial thin sections using EM (Table 1,
Fig. 6). At 5 days postlesion, mitochondrial num-
bers in ipsilateral and contralateral L5 motor neu-
ron perikarya were similar. By 7 days, the number
of mitochondria increased significantly (~148% of
contralateral) in ipsilateral L5 motor neuron
perikarya (Table 1, Fig. 6). At 9 days postlesion the
number of intact mitochondria in ipsilateral motor
neurons did not differ significantly from contralat-
eral motor neurons (Table 1).
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Figure 7 Immunolocalization of cytochrome ¢ in motor
neurons after sciatic nerve avulsion in rat. (A) In normal
nonlesioned motor neurons (contralateral side at 1 day
postlesion), cytochrome ¢ is localized to discrete granules
distributed throughout the cytoplasm [(F) shows immuno-
reactivity at greater magnification] in a pattern similar to the
distribution of mitochondria. (B) Lesioned motor neurons at
1 day show subtle changes in the distribution of cytochrome
c. An early sign of injury is accumulation of cytochrome ¢
immunoreactivity around the nucleus (in this example the
accumulation is most noticeable at the lower right area
around the nucleus) and the cytoplasm has less discrete
particles compared to contralateral motor neurons [compare
with (A)]. (C) Lesioned motor neurons at 2 days begin to
show an increase in the staining intensity of cytochrome c.
(D) At 4 day postlesion motor neurons undergoing apopto-
sis (note the nuclear shape change) have dramatically ele-
vated cytochrome c. (E) At 7 days postlesion, cytochrome ¢
appears as fine amorphous, diffusely distributed labeling
throughout the cytoplasm in motor neurons [(G) shows
immunoreactivity at greater magnification). Scale bar: {(A),
same for (B)—~(E)], 14 um; [(F), same for (G)], 7 pum.

Cytochrome ¢ Undergoes an
Intracellular Redistribution in Apoptotic
Motor Neurons

The intracellular localization of cytochrome ¢ was
evaluated by immunofluorescence in motor neurons
during apoptosis (Fig. 7). Cytochrome ¢ immunore-
activity in spinal motor neurons appears normally as
large granules or vermiform structures scattered
throughout the cytoplasm [Fig. 7(A) and (F)]. This
pattern of immunolabeling changes quickly in motor
neurons after sciatic nerve avulsion. By I day postle-
sion, the cytochrome ¢ immunoreactivity redistributes
to a perinuclear location in ipsilateral motor neurons
[Fig. 7(B)] compared to contralateral motor neurons.
At 2 days the level of immunostaining is increased,
with large cytoplasmic territories showing intense cy-
tochrome ¢ immunoreactivity [Fig. 7(C)]. At 4 days
postlesion cytochrome ¢ immunoreactivity appears as
diffuse fine particles that fill the perikaryal cytoplasm
of ipsilateral motor neurons undergoing preapoptotic
somatodenritic atrophy [Fig. 7(D)]. At 7 days postle-
sion two staining patterns emerge in motor neurons
ipsilaterally. Some motor neurons in apoptosis are
shrunken and round in shape with the cytoplasm filled
with finely particulate and diffusely distributed cyto-
chrome ¢ immunolabeling [Fig. 7(E) and (G)], while
other motor neurons display an inhomogeneous loss
of immunostaining. Other motor neurons have label-
ing similar to the pattern seem at earlier times postle-
sion. At 14 days postlesion, in addition to the degen-
erating motor neurons with diffuse cytoplasmic
labeling for cytochrome ¢, a few motor neurons in the
ipsilateral side of spinal cord display a cytochrome ¢
pattern typical of normal neurons and are likely to be
recovering from the lesion.

Immunogold EM was used to directly visualize
and quantify cytochrome ¢ in different subcellular
compartments specifically in L5 motor neurons early
in the apoptotic process. At 5 days postinjury, total
cytoplasmic cytochrome c levels were increased sig-
nificantly (147% of contralateral), but the level of
mitochondrial-associated cytochrome ¢ immunoreac-
tivity in ipsilateral motor neurons was not different
from control (Table 1). At 7 days after avulsion, total
cytoplasmic cytochrome c¢ levels were elevated fur-
ther (170% of control), but mitochondrial-associated
cytochrome ¢ was decreased (73% of control) in le-
sioned motor neurons [Table 1, Fig. 6(C) and (D)]. By
9 days postlesion, mitochondrial cytochrome ¢ levels
were only 20% of control, while the level of diffusely
distributed cytoplasmic cytochrome ¢ was 281% of
control (Table 1).



Figure 8 Caspase-3 is activated in adult motor neurons
after injury. (A)-(D) In nonlesioned L5 spinal cord, active
caspase-3 is present in the neuropil of the ventral horn [(A),
arrows] and in some glial cells (C), but in the lesioned side
of L5 {(B), arrows] active capsase-3 is enriched in motor
neuron cell bodies and dendrites [(B) and (D)]. Scale bars:
[(A), same for (B)], 90 pm; [(C), same for (D)}, 30 um. (E)
and (F) p53 gene inactivation in mice attenuates the
caspase-3 activation (E) seen in wild-type mice (F) after
sciatic nerve avulsion. Scale bar (E) = 90 pm {(same for

]

Caspase-3 Is Activated in Adult Spinal
Motor Neurons during Injury-Induced
Apoptosis

Activation of caspase-3 is a critical downstream
event in many forms of PCD (Kuida et al., 1996).
We evaluated if caspase-3 is activated directly in
motor neurons during apoptosis using an antibody
specific for active caspase-3 (Fig. 8). In normal and
lesioned spinal cord, subsets of glial cells showed
faint nuclear immunoreactivity for caspase-3. Nu-
clear labeling for caspase-3 is consistent with sub-
cellular fractionation analyses (Zhivotovsky et al.,
1999). Immunoreactivity for cleaved caspase-3 was
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also present in the neuropil of normal and lesioned
spinal cord. Cleaved caspase-3 was rarely observed
in neuronal cell bodies in nonlesioned spinal cords.
In rats at 5, 7, 9, and 12 days after sciatic nerve
avulsions, a progressive accumulation of active
caspase-3 occurred in subsets of ipsilateral motor
neurons. Maximal accumulation was observed at 9
and 12 days postlesion [Fig. 8(A)-(D)]. Caspase-3
activation was not observed in lesioned motor neu-
rons in pS3~/" and bax™’" mice {Fig. 8(E) and (F)],
consistent with the lack of injury-induced motor
neuron apoptosis in these animals.

Motor Neurons Accumulate DNA-SSB In
Vivo Early after Injury

The comet assay was used to evaluate if DNA
damage could be an early upstream signal for motor
apoptosis, consistent with a p53-mediated mecha-
nism of cell death (Fig. 9, Table 2). At 5 days after
unilateral sciatic nerve avulsion, many (26%) lum-
bar motor neurons from the lesioned side of L5 had
comets [Fig. 9(A)], while <2.0% of motor neurons
from the nonleisoned side of L5 had comets. The
heads of these motor neuron comets were large,
round, and bright, and the tails were very short
(Table 2), and consisted of scattered large granules
close to the head [Fig. 9(A)]. The comet moment, a
very sensitive index of early DNA damage (Liu and
Martin, 2001b), was low (~1.8 X 10°, Table 2).
Motor neurons with comets at 5 days did not have
an apoptotic nuclear morphology based on ethidium
bromide staining.

The number of motor neurons with DNA damage
and the extent of DNA-SSB in motor neurons contin-
ued to increase between 5-7 days after sciatic nerve
avulsion. At 7 days after sciatic nerve avulsion, the
number of motor neuron comets in the lesioned side
of spinal cord increased significantly (35%, p < .05)
compared to 5 days. The comet moment also in-
creased (~9.5 X 10°) compared to 5 days (Table 2),
indicating a progressive formation of DNA-SSB. The
DNA content in the heads of these comets was similar
to 5 days comets, but the head area was increased
(Table 2) indicating looser DNA packaging. These
comets had granular tails that were longer than those
at 5 days [Fig. 9(B), Table 2]. No motor neuron
comets were observed in the nonlesioned side of L5 at
7 days postlesion.

At 10 days after sciatic nerve avulsion subsets of
lumbar motor neurons (23%) on the lesioned side
were comets. Many of these comets had heads with a
coma and a short granular tail [Fig. 9(C)]. Other
comets had a small head or no head and a much larger
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Figure 9 DNA-SSB occur in motor neurons after unilat-

eral sciatic nerve avulsion as detected with the comet assay.
See Table 2 for measurements of DNA damage. (A) At 5
days postlesion, the comet heads are large and round and the

tails are very short. (B) At 7 days postlesion, the comet

heads are large and the tails are longer than at S days,

indicating the accumulation of DNA-SSB. (C) At 10 days
postlesion, motor neurons comets have an irregular head
and a tail formed by scattered large granules, indicating

accumulation of many DNA-SSB. Scale bars: [(A), same

for (B)], 46 um; C, 92 pm.

tail [tail area = 124,199 p,mz, Fig. 9(C), Table 2]. The

heads of several comets had a nucleus with round

aggregates of chromatin typical of apoptosis [Fig.
9(C)], and the tails were still comprised of large
granules, although they were finer than those at 5 and
7 days. These cells had the greatest comet moments



(~19.9 X 10°%), indicating accumulated DNA damage
in motor neurons at 10 days after sciatic nerve avul-
sion (Table 2). At 14, 20, and 28 days after sciatic
‘nerve avulsion, no comets were observed in motor
neurons from either ipsilateral or contralateral lumbar
ventral horns.

DISCUSSION

Motor neuron apoptosis occurs in humans with ALS
and after spinal cord trauma, but the mechanisms are
unknown. We used an animal model of motor neuron
degeneration to elucidate some of these possible
mechanisms (Fig. 10). Avulsion of the sciatic nerve
induces motor neuron apoptosis (Martin et al., 1999).
Injured motor neurons exhibit metabolic activation
and oxidative stress in the form of hydroxyl radical
damage to DNA and ONOO™ damage (Martin et al.,
1999). However, another group has reported that adult
spinal motor neurons die through nonapoptotic path-
ways (Li et al., 1998; Chan et al., 2001). This study
further supports our earlier conclusion that avulsed
adult motor neurons die through apoptotic mecha-
nisms. We now show (Fig. 10) that this process occurs
in association with early formation of DNA-SSB,
activation and nuclear sequestration of p53, perikaryal
and mitochondrial accumulation of Bax, cytochrome
¢ redistribution, and activation of caspase-3. Further-
more, we show that apoptosis of motor neurons in
adult spinal cord after injury is mediated by Bax and
p53.

We found that apoptosis of adult motor neurons
requires Bax. Bax gene deletion blocked injury-in-
duced motor neuron apoptosis, Bax accumulation, and
caspase-3 activation, but did not prevent activation of
p53. Thus, Bax-effector mechanisms for motor neu-
ron apoptosis are downstream from p53. Other exper-
iments have shown that Bax is required for the death
of peripheral neurons after neurotrophin withdrawal
in vitro and neonatal facial motor neurons after axo-
tomy (Deckwerth et al., 1996), as well as thalamic
neurons after target deprivation in adult brain (Martin
et al., 2001). Bax is important also for developmental
programmed cell death of neurons (Deckwerth et al.,
1996). Our study demonstrates for the first time that
motor neuron apoptosis within the adult spinal cord is
Bax dependent, and that the Bax accumulation is
dependent on the functional p53 gene.

We have directly shown using immunogold EM
that Bax accumulates in mitochondria of injured mo-
tor neurons prior to apoptosis. We also demonstrate
directly that cytochrome ¢ levels increase in the cy-
toplasm of motor neurons early during apoptosis. Qur
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study is the first quantitative subcellular localization
analysis of Bax and cytochrome ¢ in the CNS after
injury. Our results are consistent with cell culture
experiments showing that redistribution of Bax to
mitochondria and release of cytochrome ¢ are critical
steps in the signaling of apoptosis (Wolter et al., 1997;
Putcha et al., 1999). Bax is a member of the bcl-2
protooncogene family (Merry and Korsmeyer, 1997),
and it functions by forming channels in mitochondrial
membranes (Antonsson et al., 1997). When active,
these channels may allow the release of cytochrome ¢
from mitochondria to the cytosol. As revealed here in
vivo, Bax-dependent, caspase-3 activation is a key
determinant in p53-mediated apoptosis of motor neu-
rons. Cell culture models of apoptosis show that ac-
tivation of caspase-3 occurs when caspase-9 proen-
zyme is bound by apoptotic protease-activating
factor-1 (Apaf-1) in a process initiated by cytochrome
¢ and either ATP or dATP (Liu et al., 1996; Li et al.,
1997). Apaf-1, a 130 kD protein, serves as a docking
protein for procaspase-9 and cytochrome ¢ (Li et al.,
1997). Apaf-1 becomes activated with the binding and
hydrolysis of ATP and the binding of cytochrome c,
promoting Apaf-1 oligomerization (Zou et al., 1999).
This oligomeric complex recruits and activates pro-
caspase-9, and active caspase-9 disassociates from the
complex and becomes available to activate caspase-3.

Our in vivo study is also novel because we found
activation of caspase-3 in adult spinal motor neurons
after injury. Prominent activation of caspase-3 occurs
between 7 and 9 days postlesion. Activation of
caspase-3 in injured motor neurons is a far down-
stream event. It occurs after the initial formation of
DNA-SSB, the activation of p53, and the accumula-
tion and redistribution of Bax and cytochrome c. The
changes in caspase-3 in apoptotic motor neurons in
adult spinal cord are consistent with studies showing
that activation of caspase-3 participates in the mech-
anisms of retinal ganglion neuron death after optic
nerve transection (Kermer et al., 1999) and thalamic
neuron death after cortical damage (Martin et al.,
2001). Active caspase-3 cleaves a protein with DNase
activity (DFF-45), and this cleavage activates a path-
way leading to the fragmentation of genomic DNA.
We have identified previously motor neurons under-
going nuclear DNA fragmentation between 7 and 9
days postlesion (Martin et al., 1999).

We found that p53 regulates motor neuron apopto-
sis. p53 accumulates in the cytoplasm and is seques-
tered in the nucleus of motor neurons prior to apopto-
sis. We also observed for the first time that p53 forms
strands and inclusions in the nucleus of motor neurons
undergoing apoptosis. This observation was extended
by showing that p53 is functionally activated, as in-
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Figure 10 Diagrammatic representation of the tentative
time course of major events associated with apoptosis of
motor neurons within the adult spinal cord after injury.
Sciatic nerve avulsion (a lesion of motor neurons involving
axotomy, target deprivation, and trauma) induces motor
neurons to undergo apoptosis by 14 days postlesion (Martin
et al., 1999). This apoptosis is mediated by Bax and cyto-
chrome ¢ and involves caspase-3 activation as downstream
mechanisms. The upstream mechanisms are mediated by
P53 in response to DNA SSB. Representative comets found
at 5, 7, and 10 days postlesion (from Fig. 9) are superim-
posed on this time line. The DNA damage progresses as
indicated by the progressive elongation of the tail and the
DNA clumping in the head. These latter comets (far right
profile) correspond to the time of severe DNA fragmenta-
tion as detected by in situ end-labeling methods (Martin et
al., 1999). The initial periods of each step of the cascade
may occur sequentially, but after the alteration is engaged
there is overlap in the molecular stages of motor neuron
apoptosis.

dicated by serine-392 phosphorylation of p53 directly
in motor neurons. p53 functions in the elimination and
repair of cells that have sustained DNA damage. p53
accumulation in motor neurons most likely signifies

" DNA damage-induced, p53-mediated apoptosis, be-
cause these neurons are terminally differentiated and
accumulate DNA-SSB. This conclusion supported by
the finding that p53 gene inactivation blocks motor
neuron apoptosis.

We have identified previously three structural
stages of motor neuron apoptosis in vivo (Martin et
al., 1999). Neurons pass consecutively through chro-
matolysis, somatodendritic atrophy, and apoptosis.
We have hypothesized that some yet to be identified
key events associated with DNA damage occur during
chromatolysis that commit neurons to apoptosis (Al-
Abdulla et al., 1998; Al-Abdulla and Martin, 1998;
Martin et al.,, 1999). This fate contrasts with other
models of axonal injury that induce chromatolysis
followed by partial or complete recovery and survival
of neurons (Ginsberg and Martin, 1998; Martin et al.,
1998). Surprisingly, cytochrome ¢ changes occurred
very early in the time course of motor neuron apopto-
sis (Fig. 10). This early accumulation may be due to
enhanced synthesis during metabolic activation rather

than mitochondrial release. The nuclear accumulation
and activation of p53 occurs during the chromatolytic
stage of retrograde neuronal apoptosis at 4 to 5 days
postlesion is also a possible key signal for the transi-
tion of chromatolytic motor neurons into apoptosis
(Fig. 10). p53 activation early in the process of motor
neuron apoptosis is consistent with the detection of
DNA-SSB in motor neurons by S days after injury
(Fig. 10). We suspect that the formation of DNA-SSB
is an early preapoptotic mechanism of motor neuron
death. More work needs to be done to identify the
earliest time when DNA-SSB begin to accumulate in
injured motor neurons after axonal Injury.

Increased levels of p53 result primarily from in-
creased stability of the protein (Levine, 1997). In
unstressed cells, the level of p53 protein is low. The
half-life of p53 is short (~5-20 min) due to rapid
degradation. p53 protein levels can be increased when
the half-life of the protein is extended due to dimin-
ished degradation. Inhibition of the 26 S proteosome
increases p53 levels (Maki et al., 1996). Alternatively,
p53 levels can be increased because the rate of initi-
ation of p53 mRNA translation is enhanced (Levine,
1997). p53 exists in a latent, inactive form that re-
quires modification to become active. DNA damage
can activate p53 (Levine, 1997). Increases in p53
levels are proportional to the extent of DNA damage,
with several different types of DNA lesions being
potent signals for p53 activation, including double-
and single-strand breaks and adduct formation (Le-
vine, 1997). The induction and activation of p53 in
motor neurons undergoing apoptosis is consistent
with our comet assay analysis showing early forma-
tion of DNA-SSB as an upstream mechanism of neu-
ronal apoptosis.

p53 functions as a DNA transcription factor (Vo-
gelstein and Kinzler, 1992; Miyashita et al., 1994;
Miyashita and Reed, 1995; Levine, 1997). The car-
boxyl terminus of p53 is important for controlling
p53-DNA binding functions in response to single
strands of DNA (Jayaraman and Prives, 1995). By 5
days after avulsion, nuclear accumulation of phos-
phorylated p53 is increased markedly in the ipsilateral
ventral horn, indicating that the p53 is activated func-
tionally. Promoters that respond to p53 include genes
encoding proteins associated with growth control and
cell cycle checkpoints and apoptosis. Bax (Miyashita
and Reed, 1995) and redox-related genes (Polyak et
al., 1997) are transcriptional targets of p53. These
genes are relevant to motor neuron degeneration be-
cause this neuronal death is apoptosis and these neu-
rons sustain damage to DNA (Martin et al., 1999; Liu
and Martin, 2001a).

We have identified a direct relationship between



p33 and Bax. In mice with functional p53, Bax im-
munoreactivity increases in motor neurons undergo-
ing apoptosis, but in p53™/~ mice the Bax accumula-
tion was attenuated and motor neuron loss was
blocked. Other in vivo studies have shown that loss of
p53 function is neuroprotective in paradigms of irra-
diation (Wood and Youle, 1995), kainate-induced sei-
zures (Morrison et al., 1996), focal ischemia (Crum-
rine et al., 1994), and target deprivation (Martin et al.,
2001). Thus, we document for the first time that p53
mediates injury-induced apoptosis of motor neurons
in vivo. This modulation of apoptosis may occur
through p53 regulation of the Bax gene. The accumu-
lation of Bax protein after the initial activation of p53
is consistent with this interpretation.

In this study, we intentionally used cell-based as-
says (e.g., immunocytochemistry and single-cell gel
electrophoresis) to evaluate changes in p53, Bax, cy-
tochrome ¢, and caspase-3, and to detect early, low-
level DNA damage. We purposefully did not apply
tissue homogenate-based assays (e.g., Western and
Northern blotting), because motor neurons are rela-
tively few in number compared to the nonmotor neu-
ron cellular compartments in spinal cord. Moreover,
we were interested in the cytoplasmic and mitochon-
drial compartments specifically of motor neurons.
Tissue homogenates cannot afford this level of reso-
lution. The small size of rat and mouse ventral horn
(compared to human ventral horn) makes mi-
cropunching very difficult. Furthermore, changes in
p53 and caspase-3 can occur in glial cells, notably
astroglia, in response to injury (see Fig. 2; Martin et
al., 2001). We also observed that activated caspase-3
accumulates in the neuropil of the lesioned L5, but is
not yet clear in which cellular compartment this
change occurs. These realities make difficult the ap-
propriate interpretation of homogenate-based assays
of tissues with a heterogeneous cellular composition.
Therefore, we elected to evaluate motor neurons on a
single-cell basis.

The key findings of this study are that apoptosis of
motor neurons in the adult spinal cord requires Bax
and p53. These findings are consistent with work in
other, mostly in vitro, models of neuronal death. De-
spite these similarities, our work is nevertheless novel
and important because we used an adult in vivo sys-
tem of motor neuron apoptosis. Furthermore, we have
identified a cascade of events leading to motor neuron
apoptosis involving DNA-SSB, p53 activation, Bax
upregulation and mitochondrial translocation, cyto-
chrome ¢ release, and caspase-3 activation. Consider-
ing the vast differences in neuroanatomical and cel-
lular complexity, the identification of several common
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neuronal death signaling pathways in in vitro and in
vivo systems is notably exciting.

This proposed mechanism for motor neuron apo-
ptosis in an animal mode! (Fig. 10) is particularly
relevant to the pathogenesis of ALS and to in vitro
models of motor neuron death. Motor neuron degen-
eration in ALS may be a form of aberrantly occurring
apoptosis (Martin, 1999) that could be mediated by
p53 (Martin, 2000) with DNA damage as an upstream
pathogenic event (Martin, 2001). Direct evidence for
DNA-lesions has been found specifically in upper and
lower motor neurons of individuals with ALS (Mar-
tin, 2001); however, the possible accumulation of
DNA-SSB in ALS motor needs to be evaluated. We
have found that reactive oxygen species, including
peroxynitrite, are potent inducers of DNA-SSB in
motor neurons (Liu and Martin, 2001a, 2001b), and
peroxynitrite neurotoxicity has been implicated in
ALS. In vitro exposure of motor neurons to direct
oxidative stress induces accumulation of p53 within
the nucleus (Liu and Martin, 2001b) and motor neu-
ron death (Liu and Martin, 2001a). Thus, it appears
that the molecular pathogenesis of motor neuron de-
generation in our in vivo and in vitro models of motor
neuron disease is similar enough to ALS to warrant
further study.

We are grateful for the outstanding technical assistance
of Ann Price and Frank Barksdale.
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ABSTRACT: A long-term cell culture system was
used to study maturation, aging, and death of cortical
neurons. Mouse cortical neurons were maintained in
culture in serum-free medium (Neurobasal supple-
mented with B27) for 60 days in vitro (DIV). The levels
of several proteins were evaluated by immunoblotting to
demonstrate that these neurons matured by developing
dendrites and synapses and remained continuously
healthy for 60 DIV. During their maturation, cortical
neurons showed increased or stable protein expression
of glycolytic enzyme, synaptophysin, synapsin Ila, « and
B synucleins, and glutamate receptors. Synaptogenesis
was prominent during the first 15 days and then synap-
tic markers remained stable through DIV60. Very early
during dendritic development at DIV3, f3-synuclein (but
not a-synuclein) was localized at the base of dendritic
growth cones identified by MAP2 and a-amino-3-hy-
droxy-5-methyl-4-isoxazole (AMPA) receptor GluR1. In
mature neurons, « and B synucleins colocalized in pre-
synaptic axon terminals. Expression of N-methyl-p-as-
partate (NMDA) and AMPA receptors preceded the

formation of synapses. Glutamate receptors continued
to be expressed strongly through DIV60. Cortical neu-
rons aging in vitro displayed a complex profile of protein
damage as identified by protein nitration. During corti-
cal neuron aging, some proteins showed increased nitra-
tion, while other proteins showed decreased nitration.
After exposure to DNA damaging agent, young (DIVS)
and old (DIVG0) cortical neurons activated apoptosis
mechanisms, including caspase-3 cleavage and poly-
(ADP)-ribose polymerase inactivation. We show that
cultured mouse cortical neurons can be maintained for
long term. Cortical neurons display compartmental
changes in the localization of synucleins during matura-
tion in vitro. These neurons sustain protein nitration
during aging and exhibit age-related variations in the
biochemistry of neuronal apoptosis. © 2002 Wiley Period-
icals, Inc. J Neurobiol 51: 9-23, 2002; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/neu.10037
Keywords: Alzheimer’s disease; amyotrophic lateral
sclerosis; apoptosis; NMDA receptor; Parkinson’s dis-
ease; synucleins

INTRODUCTION

The central nervous system (CNS) is vulnerable to
defects, disease, and injury throughout development
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and adulthood. Malformations of the CNS during
development have major clinical importance (occur-
ring in =~5-10 per 1000 births), causing considerable
mortality and morbidity both prenatally and postna-
tally (Volpe, 1995). Both the immature and the mature
CNS are highly vulnerable to toxic and metabolic
insults such as oxygen and glucose deprivation occur-
ring during stroke and cardiac arrest. The aging CNS
is vulnerable to neurodegenerative diseases such as
Alzheimer’s disease, amyotrophic lateral sclerosis,
Parkinson’s disease, and Huntington’s disease. In
many settings of CNS abnormalities, neurons in the
cerebral cortex are very sensitive. In the immature and
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mature brain, neocortical neurons degenerate after
hypoxia-ischemia, trauma, and seizures, and subsets
of neocortical neurons degenerate in Alzheimer’s dis-
ease, amyotrophic lateral sclerosis, Parkinson's dis-
ease, and Huntington’s disease. Despite many ad-
vances in the understanding of mechanisms that cause
abnormalities in neuronal development and loss of
neuronal viability, effective restorative and therapeu-
tic treatments for most developmental and for all of
the neurodegenerative disorders of cortical neurons do
not exist.

Animal and cell culture model systems are used to
further understand mechanisms of neuronal dysfunc-
tion and degeneration. These in vivo or in vitro sys-
tems have particular advantages and limitations. An-
imal models can be used to reveal many aspects of
neuronal development (Martin et al,, 1998b; Furuta
and Martin, 1999) and neuronal degeneration (Martin
et al., 1994, 1998a, 1999, 2001; Portera-Cailliau et al.,
1997a, 1997b); however, definitive comprehension of
molecular, biochemical, and structural observations is
often obscured, due to the inherent complexity of
nervous system tissue. The confounders include coin-
cident changes in developing or injured neurons and
glial cells, as well as overlapping changes in degen-
erating neurons and uninjured neurons or injured re-
covering neurons. Furthermore, cell death in popula-
tions of neurons in the CNS is not always uniform.
For example, an apoptosis-necrosis cell death contin-
uum has been identified in animal models of excito-
toxicity, cerebral ischemia, and axotomy (Martin et
al., 1998a). The neuronal death continuum is influ-
enced by the subtype of glutamate receptor that is
activated and brain maturity (Martin et al.,, 1998a;
Martin, 2001), but the mechanisms are difficult to
pinpoint in vivo. With in vitro systems, although de-
void of an intact tissue environment, homogeneous
populations of cells that are undergoing synchronous
and uniform changes can be studied, providing the
appropriate system is used.

A variety of methods are available for culturing
nerve cells. Primary neurons can be cocultured on a
feeder layer of glial cells or cultured in media that is
serum-supplemented or serum-free (Banker and Gos-
lin, 1991). A glial feeder layer allows neuronal cul-
tures to be studied at relatively low cell densities.
Disadvantages of this method are that glial cells pro-
liferate in serum-supplemented media, thus requiring
the use of cytotoxic antimitotoic drugs that can dam-
age neurons (Wallace and Johnson, 1989), and, in
mixed-cell cultures, neurons are not studied in isola-
tion, thus confounding the identification of neuron-
autonomous changes. A major advance in neuronal
cell culture occurred with the introduction of serum-

free media (Bottenstein and Sato, 1979). Subse-
quently, a serum-free medium was introduced that
effectively supported primary hippocampal and corti-
cal neurons (Brewer et al., 1993). With primary neu-
ronal culture, the environment can be defined pre-
cisely, and neurons can be studied in isolation from
other types of cells that can modify neuronal re-
sponses directly or indirectly, confounding the inter-
pretation of observations.

Primary neuronal culture is a powerful tool for
isolating cellular and molecular mechanisms of neu-
ronal development, aging, and death. However, it has
not been a common practice to examine the relation-
ships between neuronal maturity and cell injury at
different stages of neuronal development. Few labo-
ratories have reported routine success at culturing
primary neurons for up to 4 weeks or longer (Banker
and Goslin, 1991; Kuroda et al., 1995; Porter et al.,
1997; Brewer, 1997; Aksenova et al., 1999). More-
over, a thorough study that characterizes primary neu-
rons maintained in culture over long term is not avail-
able. A goal of this study was to develop and
characterize a primary cortical neuron culture system
from mouse that remained viable and could be studied
over long term. We studied aspects of neuronal mat-
uration, aging, and death. We wanted to demonstrate
that these neurons could be maintained viably for up
to 60 days in serum-free medium, because relatively
few studies exist on neuronal aging in vitro. These
cultures were characterized extensively with a panel
of antibodies to demonstrate their cellular composi-
tion, maturation, and viability. The maintained viabil-
ity of these cultures was further revealed by showing
that old cortical neurons, like young neurons, undergo
apoptosis in response to DNA damage and can acti-
vate similar cell death mechanisms, including
caspase-3 activation. We hypothesized that an age-
related biochemical phenotype emerges in cultured
neurons. We found that protein nitration is an age-
related phenotype in neuronal culture. This neuronal
culture will be useful for delineating cellular and
molecular mechanisms of neuronal development, ag-
ing, and death.

MATERIALS AND METHODS

Mouse Cortical Neuron Culture

Embryonic day 16 mice were harvested by cesarean section
from anesthetized pregnant dams (C57/B6 strain; Charles
River). The animal protocol was approved by the Animal
Care and Use Committee of the Johns Hopkins University
School of Medicine. Cerebral cortices were isolated and




dissociated by 10% (v/v) trypsin (Life Technologies, Be-
thesda, MD) digestion and trituration with a fire-polished
Pasteur pipette. High density cultures (10° cells, ~1000
cells/mm?), plated onto 35 mm tissue culture dishes, were
used for Western blot analyses, and lower density cultures
(2 X 10° cells, =630 cells/mm?), plated onto glass cover-
slips introduced into 20 mm tissue culture dishes, were used
for immunocytochemical studies. Tissue culture dishes were
coated with 33 pg/mL poly-p-lysine. The cells were plated
in Neurobasal medium (Life Technologies) supplemented
with B27 (Life Technologies), 300 uM glutamine (Life
Technologies), 25 uM B-mercaptoethanol, and streptomy-
cin/famphotericin B (Life Technologies). Three days after
plating, 50% of the medium was changed and subsequently
the medium was changed every 6 days. Neuronal cultures
were maintained for up to 60 days in vitro (DIV60).

Immunoblotting

Total protein extracts from cortical neuron cultures (three
wells for each maturational time point) were lysed in TNE
buffer (10 mM Tris-HCL, pH 7.4, 150 mM NaCl, and 5 mM
EDTA) containing protease inhibitors (1 mM PMSF, 10
pg/mL leupeptin, and 10 pg/mL pepstatin A) and deter-
gents (2% SDS, 1% deoxycholate, and 1% NP-40), and
sonicated for 15 s. Protein concentrations of each homoge-
nate were determined by protein assay (Pierce, Rockford,
IL). Homogenates were diluted further in Laemmli sample
buffer.

Protein (20 pg) from neuronal cultures were resolved on
gradient SDS polyacrylamide gels (4-20%) and transferred
to nitrocellulose membranes by electroblotting. Nitrocellu-
lose membranes were preincubated in 5% nonfat dry milk
(w/v) in phosphate-buffered saline (PBS). After overnight
incubation with the primary antibodies in 5% nonfat dry
milk and 0.05% (v/v) Tween-20 prepared in PBS, mem-
branes were rinsed and then incubated with peroxidase-
conjugated secondary antibody, and immunoreactive pro-
teins were visualized with enhanced chemiluminescence
(Amersham).

A panel of antibodies was used to characterize this
neuronal culture system by immunoblotting. The maturation
of cortical neuron cultures was evaluated by expression of
the glycolytic enzyme glyceraldehyde phosphate dehydro-
genase (GAPDH), structural protein B-tubulin, synaptic
proteins, and subtypes of glutamate receptors. The neuronal
nuclear protein NeuN revealed the relative amount of neu-
rons at different DIVs. The leve!l of NeuN is an accurate
estimate of neuronal number in human CNS regions (Mar-
tin, 2000, 2001) and in experimental lesions in animals
(Martin et al., unpublished observations). The level of glial
fibrillary acidic protein (GFAP) was used to evaluate the
presence of astrocytes in this cell culture system. Oxidative
stress is believed to be a mechanism for cellular aging and
disease (Halliwell and Gutteridge, 1986). As a biomarker
for cellular aging, we evaluated peoxynitrite (ONOO™ )-
mediated nitration of proteins. Antibodies against GAPDH
(Research Diagnostics), B-tubulin (Amersham), NeuN
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(Chemicon), a-synuclein (Transduction Laboratories),
NMDARI (Pharmingen), synaptophysin SY38 (Boehr-
inger), and synapsin Ila (Transduction Laboratories) were
mouse monoclonal. Antibodies against B-synuclein (Onco-
gene, MA), AMPA receptor GluR2/GIluR3 (Martin et al.,
1993), nitrotyrosine (Upstate Biotechnology), and GFAP
(Dako) were rabbit polyclonal.

immunolocalization in Cortical Neuron
Cultures

The general method described by Liao and coworkers
(1999) was followed. Cells were fixed at DIV3, DIVS, or
DIV20 in 4% paraformaldehyde/4% sucrose in PBS (4°C,
20 min) and then with methanol (4°C, 10 min), and then
permeabilized in 0.2% Triton X-100 and 10% NGS in PBS
(4°C, 10 min), and incubated overnight at 4°C in 10% NGS
in PBS with primary antibody (1:1000). The following
antibodies were used for immunolocalization: mouse mono-
clonal antibody against a-synuclein (Transduction Labora-
tories, KY) and MAP2 (Boehringer Mannheim Bio-
chemica), and polyclonal antibody against B-synuclein
(Oncogene), synaptophysin (Dako, Denmark), and AMPA
receptor GluR1 (Martin et al., 1998b). To identify the com-
partmental localizations of synucleins, dendritic growth
cone markers were MAP2 and GluR1, and a presynaptic
marker was synaptophysin. The following secondary anti-
bodies were used: Cy™3-conjugated goat antimouse IgG
(Jackson ImmunoResearch Laboratories) and Alexa Flu-
or™-conjugated goat antirabbit or goat anti-guinea pig
(Molecular Probes) diluted at 1:600 in PBS. Digital images
were captured with a Zeiss Axiovert/Quantix CCD camera.

Electron Microscopy (EM) of Cortical
Neuron Cultures

Neuronal cultures at DIVS and DIV25 were evaluated by
EM for ultrastructure. Media was removed and the neuronal
cultures were washed briefly with PBS and then the cells
were fixed with 1% glutaraldehyde in PBS for 1 h. The
neuronal cultures were processed for conventional EM di-
rectly in culture plates. Plastic embedded neurons were
removed from the culture plates as large blocks that were
cut into pieces, trimmed, and sectioned for EM.

DNA Damage-induced Apoptosis in
Cortical Neuron Cultures

Exposure of neurons in vitro to camptothecin (CPT), an
inhibitor of topoisomerase-I (Hsiang et al., 1985; Bendixen
et al., 1990), can induce apoptosis (Morris and Geller,
1996). CPT (Sigma, St. Louis, MO) was dissolved in dou-
ble-distilled water supplemented with sodium hydroxide
and heated at 55°C for 30 min to dissolve the drug com-
pletely at a final concentration of 50 mM. CPT was further
diluted in Neurobasal medium. At DIV5 and DIV60, mouse
cortical neurons were treated for 24 h with 100 uM CPT. To
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identify apoptosis after exposurc (o CPT, neurons were
harvested for immunoblot analysis of protein extracts using
rabbit polyclonal antibodies to cleaved caspase-3 (Cell Sig-
naling) and poly-ADP ribose polymerase (Calbiochem,
CA), or neurons were fixed and stained with Hoechst 33258
to -assess nuclear morphology.

RESULTS

Morphological and Protein Expression
Characterization of Mouse Cortical
Neuron Cultures

Mouse cortical neurons were cultured over long term.
Long-term mouse cortical neuron cultures were only
possible when neurons were plated at high density.
The cultures were characterized morphologically and
biochemically. Under phase contrast microscopy, cor-
tical neurons at DIVS extended prominent neurites
[Fig. 1(A)]. Many of these neurites were dendritic
growth cones, identified ultrastructurally by the prom-
inent polyribosomes and the tubulovesicular cisterns
[Fig. 1(D,E)]. Few synapses were mature at DIVS,
consistent with protein expression data for synaptic
markers (Fig. 2), but many nascent synaptic junctions
were present [Fig. 1(E)]. At =DIV20-25, cortical
neurons [Fig. 1(B)] had large, pyramidal-like cell
bodies (~15-25 um). These neurons were embedded
within an elaborate plexus of axons, dendrites, and
synapses [Fig. 1(B.E,F)]. Immunoblotting for den-
dritic and synaptic proteins verified their enrichment
(Fig..2). EM showed that the nuclear morphology of
the neurons at DIVS and DIV20-25 was notably
similar, suggesting a uniform population of cells [Fig.
1(D)]. At DIV60, the structural viability of the neu-
rons was still very well maintained as shown by phase
contrast microscopy [Fig. 1(C)]. However, it was ap-
parent from phase contrast microscopy that only a
subset of the original population of neurons was alive
at DIV60 [compare Fig. 1(A) and (C)]. Estimates of
cell counts in representative phase contrast photo-
graphs revealed that =~40-50% of the original popu-
lation of cells at DIV5 was surviving at DIV60. These
remaining neurons were healthy, as confirmed by
protein expression analysis (Fig. 2).

Evaluating the protein expression of the glycolytic
enzyme GAPDH, structural and synaptic proteins, and
glutamate receptors (Fig. 2) demonstrated the molec-
ular viability of cortical neurons in culture. Extracts of
total protein from mouse cortical cultures at DIVS, 10,
15, 20, 25, 30, 40, and 60 were analyzed by immu-
noblotting. The level of GAPDH, used as a metabolic
marker, was maximum (3-4-fold) around DIV25 and
remained unchanged through DIV60. The level of the

Figure 1 Mouse cortical neurons mature and remain via-
ble over long term in culture. Light and electron microscopy
reveals the dramatic elaboration of the dendritic/axonal
plexus of cortical neurons in culture between DIVS (A, D,
E) and DIV25 (B, F), with maintenance of the in vitro
neuropil compartment through DIV60 (C). At DIVS, many
growth cones are present, some of which have nascent
synaptic junctions [(D, E), arrows]. By DIV25 the den-
drosynaptic architecture is extensively developed [(F), ar-
rows]. Because of the similarities in synaptic marker and
cytoskeletal protein expression in cortical neuron cultures
from DIV25 through DIV60 (see Figure 2), EM was not
done on DIV60 cultures.

structural protein B-tubulin remained constant from
DIV5S to DIV60. Interestingly, early in culture
(D1V35), the levels of the three neuronal nuclear pro-
teins detected with the NeuN antibody were low (Fig.
2). NeuN levels were greater at DIV10. The levels of
NeuN remained relatively stable through DIV40, but
by DIV60 NeuN levels declined, consistent with a
loss of a subset of neurons.

Expression of synaptic proteins (synaptophysin, a-
and S3-synuclein) was very low at DIVS (i.e., faintly
detectable only after prolonged exposure to film; data
not shown). This Western blot finding is consistent
with the EM analysis showing few synapses [Fig.
1(D,E)]. By DIV10, the expression of these synaptic
proteins was increased, detectable with short exposure
(Fig. 2). Synaptophysin and «- and B-synuclein
reached highest levels (>10-fold) at about DIV15-20
and DIV25, respectively. Synapsin Ila protein was
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Figure 2 Molecular maturation and aging of mouse cor-
tical neurons in culture. The maturation and sustained via-
bility of this long-term neuronal culture system were eval-
uated by the expression of glycolytic protein GAPDH,
structural protein B-tubulin, neuronal nucleus protein NeuN,
synaptic proteins (synaptophysin, synapsin Ila, and o/f3-
synucleins), and glutamate receptors (NR1 and GluR2/3).
Astroglial contamination was assessed by GFAP levels. To
identify an age-related biochemical phenotype, protein ni-
tration was evaluated. For the nitrotyrosine blot, molecular
weight standards are shown at left. Selected immunoreac-
tive protein bands are identified (arrows at right). Total

proteins were extracted from neuronal cultures at DIVS, 10,

15, 20, 25, 30, 40, and 60. Samples (20 ug protein) were
fractionated on gradient SDS-PAGE (4-20% gels), trans-
ferred to nitrocellulose membranes, and then probed suc-
cessively or in combination with specific monoclonal or
polyclonal antibodies (see Materials and Methods). These
results were replicated in three independent experiments.

expressed at appreciable levels only between DIV15—
20, reaching highest levels at ~DIV30, and then
remaining unchanged through DIV60.

The NMDA receptor subunit NR1 and the
AMPA receptor subunits GluR2/GluR3 were al-
ready expressed by DIVS5, thus preceding the syn-
aptic markers (Fig. 2). Glutamate receptor levels
increased to a maximum by DIV10-15 (>5-fold)
and then remained unchanged through DIV60. The
high level of expression of metabolic enzyme,
structural protein, synaptic proteins, and glutamate
receptors demonstrates that these mouse cortical
neurons remain viable and maintain structural in-
tegrity through 60 days in culture. These findings
are consistent with the morphological evaluations
(Fig. 1). These experiments show that these mouse
cortical neurons mature, establish synapses, and
remain viable over long term in culture.
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Non-neuronal cell contamination of this neuronal
culture system was evaluated. Previous studies have
reported that astroglia comprise <0.5% of the cell
population of neurons grown in Neurobasal-B27
(Brewer et al., 1993). Interestingly, by immunoblot-
ting, GFAP was not detected in our mouse cortical
neuron cultures until DIV20 (Fig. 2). Levels of GFAP
remained relatively constant from DIV20 through
DIV60 (Fig. 2).

We tested the hypothesis that an accumulation of
protein damage is an age-related phenotype in aging
cortical neuron cultures. Protein nitration was evalu-
ated in total protein extracts of neurons from DIVS to
DIV60. A protein band at =55 kD showed particu-
larly prominent nitration in cortical cultures, but the
intensity of this band was relatively invariant at dif-
ferent ages (Fig. 2). Other protein bands at about
6080 kD showed selective increases or decreases in
nitration as identified by nitrotyrosine immunoreac-
tivity (Fig. 2, lower panel arrows).

Immunocytochemical Characterization
of Cortical Neuron Cultures

Immunostaining for MAP2 is widely used to identify
neurons in culture (Banker and Goslin, 1991). MAP2
immunopositive cells were prevalent in this cortical
neuron culture system [Fig. 3(A)], verifying the pre-
dominance of neurons in this cell culture. In immature
neurons, MAP2 immunoreactivity marked dendritic
growth cones of neurons [Fig. 3(A,B,D)], consistent
with previous reports (Banker and Goslin, 1991). The
GluR1 AMPA receptor also marks dendritic growth
cones, as shown in developing rat forebrain by im-
muno-EM (Martin et al., 1998b). In mouse cortical
neuron cultures, GluR1 was also present in dendritic
growth cones [Fig. 3(E)].

Little information is available on the develop-
mental expression and localization of synucleins in
neurons, despite a possible role for synucleins in
the pathogenesis of Parkinson’s disease and Alz-
heimer’s disease and in neuronal cell death (Hsu et

-al., 1998; Ostrerova et al., 1999). Therefore, the

immunostaining patterns of synucleins were exam-
ined in cortical neuron cultures. In very immature
neurons (at DIV3), B-synuclein was localized at
dendritic growth cones (Fig. 3). Specifically,
B-synuclein was present at the base of dendritic
growth cones [Fig. 3(B-E)]. As dendrites grew in
length and as presynaptic axon-dendrite interac-
tions were established (between DIVS and DIV 10),
growth cones became less prominent, and B-synuclein
immunostaining of these structures dissipated [Fig.
4(A,B)].
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Figure 3 [-synuclein is present at the base of dendritic growth cones in DIV3 mouse cortical
neuron cultures. (A) Double labeling of mouse cortical neurons (at 25X magnification) for MAP2
(red) and B-synuclein (green). Beta-synuclein is targeted to specific dendritic domains (white
arrows). Some dendrosomal domains coexpress MAP2 (sites of colocalization of MAP2 and
B-synuclein immunoreactivities are yellow), while other dendritic regions have adjacent but non-
overlapping sites where MAP2 and B-synuclein are present. (B) A DIV3 cortical neuron [40X
magnification, same cell is illustrated in (C) and (D)] showing the localization of MAP2 (red) and
B-synuclein (green) and the presence of B-synuclein at the base of dendritic growth cones (arrows).
In the cell body and in some dendritic regions MAP2 and B-synuclein colocalize (yellow). (C)
Neuron [shown in (B)] observed under the filter for B-synuclein staining only. Beta-synuclein has
a prominent somatodendritic localization and is present within dendritic growth cones. (D) Neuron
[shown in (B)] observed under the filter for MAP2 staining only. Sites of low MAP2 staining in
dendritic growth correspond to locations of intense B-synuclein localization [see (C), arrows]. (E)
Localization of AMPA receptor GluR1 (red) and B-synuclein (green) in dendritic growth cones.
Beta-synuclein (white arrows pointing to green staining) is at the base of growth cones, whereas
GluR1 is localized distally in the growth cone. In the cell body and in some dendritic regions GluR1
and B-synuclein colocalize (yellow).

Beta-synuclein underwent prominent changes in showed differential dendritic targeting in cortical neu-
neuronal compartment localization during cortical rons that was maturation-related. Immunolocalization
neuron maturation. The localization of B-synuclein revealed that B-synuclein is targeted to dendrites of
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Figure 4 Maturation-related targeting of synuclein to different neuronal compartments as shown
by immunolocalization of &/ B-synucleins, MAP2, and synaptophysin in immature (DIV3) and
mature (DIV20) cortical neuron cultures. (A, B) In immature neurons (A) B-synuclein (white
arrows, green staining) is localized in the cell body and dendrites, identified by MAP?2 staining (red).
In mature neurons (B), MAP2 is localized throughout the cell body and dendrites (red), while
B-synuclein has cell body (green) and presynaptic axon terminal {(B), fine green dots] localizations.
(C, D) In immature neurons (C), a-synuclein is expressed in neuronal cell bodies (red), but not in
axons identified by synaptophysin (white arrow, green staining). In mature neurons (D), a-synuclein
(green) has a prominent presence in presynaptic axon terminals (fine green dots) that have a similar
appearance and distribution as synaptophysin staining (red). These terminals, many of which show
colocalization of a-synuclein and synaptophysin (white arrows, yellow staining), decorate the
surfaces of unstained dendrites and the surface of the cell body (part of this cell is enlarged as Figure
5). (E, F) In immature neurons (E), a-synuclein is concentrated in neuronal cell bodies (red), and
o/ B-synucleins colocalize (yellow) in subsets of neuronal cell bodies, but only B-synuclein is found
in growing dendrites (white arrows, green staining). In mature neurons (F), a/B-synucleins colo-
calize (yellow) in subsets of neurons and in numerous presynaptic axon terminals (whitc arrows, fine
yellow dots).

15
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Figure 5 Presynaptic localization of a-synuclein in mature cortical neurons. In DIV20 cortical
cultures, some large pyramidal neurons expressing synaptophysin (red) are enmeshed in a field of
axons and synapses that stain for synaptophysin (red) and a-synuclein (green). The dendrites of this
neuron are not stained for synaptophysin or a-synuclein but their surfaces are decorated with
axodendritic boutons (red, synaptophysin; green, a-synuclein), with a subset that colocalizes
synaptophysin and a-synuclein (white arrows, yellow staining). Axosomatic boutons en passage
also colocalize synaptophysin and a-synuclein (white arrows, yellow staining).

immature neurons but not to dendrites of mature neu-
rons [Fig. 4(A,B)]. Specifically, in DIV3 neurons
B-synuclein was often observed in MAP2-positive
dendrites, but in DIV20 neurons colocalization of
B-synuclein and MAP2 was observed rarely [Fig.
4(A,B)]. Instead, in mature cortical neuron cultures,
B-synuclein was found in axon terminals [Fig.
4(B,F)].

In immature cortical neurons, a-synuclein was not
prominently found in dendrites, but was more appar-
ent in neuronal cell bodies [Fig. 4(C)]. As cortical
neurons matured and formed synapses, a-synuclein
became localized in presynaptic axon terminals, as
evidenced by the colocalization with synaptophysin
{Figs. 4(D) and 5]. At DIV20, large synaptophysin-
positive, pyramidal cortical neurons were embedded
in a network of axons and synapses [Figs. 4(D) and 5].
The surfaces of these pyramidal neurons were deco-
rated with axodendritic and axosomatic synapses (Fig.
5, red synaptophysin, green a-synuclein), and some of
these presynaptic terminals showed colocalization of
synaptophysin and a-synuclein (Fig. 5, yellow iden-
tified by white arrows). In mature cortical neurons, o-
and B-synuclein colocalized in axon terminals [Fig.
4(F)] but not in growing dendrites of immature neu-
rons [Fig. 4(E)].

Old and Young Cortical Neurons
Activate Apoptotic Mechanisms in
Response to DNA Damage

As an indirect assessment of the viability of remaining
cortical neurons, they were exposed to a chemical
stressor to induce cell death. We examined whether
DIV60 neurons undergo apoptosis or necrosis (or are
insensitive to chemical stressor) compared to DIVS5
neurons. Hoechst 33258 was used to assess nuclear
morphology in control and poisoned cells. The
Hoechst 33258 staining pattern in control cells was
uniform [Fig. 6(A)], supporting the EM observations
that suggested a uniform population of cells. Expo-
sure of neurons to CPT (100 wM for 24 h), an inhib-
itor of topoisomerase-I that causes DNA damage
(Hsiang et al., 1985; Bendixen et al., 1990), induced
morphologically confirmed apoptosis of cortical neu-
rons [Fig. 6(B)], consistent with the original report
(Morris and Geller, 1996). DIV5 and DIV60 mouse
cortical neurons were exposed to CPT, and protein
extracts were examined for caspase-3 activation and
PARP cleavage. PARP cleavage was used as a func-
tional assay for apoptosis in young and old neurons,
because PARP cleavage is an indicator of caspase-3
activation (Lazebnik et al., 1994). After insulting the
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Figure 6 DNA damage induces apoptosis in young and old cortical neuron cultures. (A) Control
cortical neurons at DIVS stained with Hoechst 33258 showing a uniform normal nuclear morphol-
ogy. (B) Hoechst 33258 staining of DIV5 neurons undergoing apoptosis (arrowheads) induced by
CPT. The nuclear condensation and formation of round blue-staining masses are indicative of
apoptosis. The apoptosis was relatively homogeneous and synchronous. (C) Immature (DIV5) and
* old (DIV60) neurons were exposed to an apoptotic stimulus (DNA damage by CPT), and PARP
degradation and caspase-3 cleavage were used to assess activation of apoptosis mechanisms. Total
proteins were extracted from DIV5 and DIV60 neuronal cultures that were untreated (control, C) or
treated with CPT for 24 h. Samples (20 ug protein) were fractionated on gradient SDS-PAGE
(4-12% gels), transferred to nitrocellulose membranes, and then probed with antibodies to PARP
and cleaved caspase-3. Both DIV5 and DIV60 neurons that were exposed to CPT showed inacti-
vation of PARP and activation of caspase-3. The caspase-3 cleavage was stronger in immature
neurons. Exposure of DIV5 blot was shorter than exposure of DIV60 blot.

cells, both DIVS and DIV60 neurons showed bio-
chemical evidence for apoptosis, as indicated by the
increase in cleaved caspase-3 and accumulation of
inactivation cleavage products of PARP [Fig. 6(C)].

DISCUSSION

A goal of this study was to develop and characterize
a primary cortical neuron culture system from mouse
that remains viable and can be studied over long term.

This work was done because studies of primary neu-
ron cultures at DIV25-30 and beyond are infrequent
(Banker and Goslin, 1991; Brewer et al., 1993; Ku-
roda et.al., 1995; Brewer, 1997; Porter et al., 1997;
Aksenova et al., 1999). Furthermore, studies demon-
strating a thorough characterization of primary neu-
rons maintained in culture over long term are not
available. In addition, it is uncommon to examine the
effects of cell injury on neurons at different stages of
maturity. It is important to study neuronal cultures
over long term to provide insight into cell-autono-
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mous mechanisms of neuronal aging and death and to
identify differential mechanisms regulating neuronal
cell death forms that are found in developing and
adult CNS (Martin, 2001).

This study documents the feasibility and useful-
ness of a long-term culture of mouse cortical neurons.
This cell system was characterized thoroughly using
morphological and immunoblotting methods. The
neuronal composition as well as the maturation and
viability of these neurons for up to DIV60 were
shown by phase contrast microscopy, EM, and immu-
nocytochemistry for MAP2, synaptophysin, and
synuclein. These neurons grow very well, as evi-
denced by the dendritic maturation and synaptogen-
esis. A comparison of our morphological results with
other studies is difficult because most of the published
phase contrast images are from hippocampal neuron
cultures instead of cortical neuron cultures. Our struc-
tural findings were supported by Western blot analy-
ses demonstrating the developmental profiles for syn-
apse markers and glutamate receptors. These markers
are often studied in hippocampal neuron culture but
not often in cortical neuron culture. The expression of
the glycolytic enzyme GAPDH and the structural
protein B-tubulin confirmed the sustained viability of
these neurons. However, based on phase contrast mi-
croscopy and NeuN levels, it seems that only a subset
of the original population of neurons survives through
DIV60. This is an important distinction between
DIV20-25 neurons and DIV60 neurons. Older cul-
tures have fewer neurons than younger mature cul-
tures. Thus, there is spontaneous age-related loss of
neuronts in this system. The maintained levels of
GAPDH and the structural protein 3-tubulin reveal
that the metabolic and structural integrity of surviving
cortical neurons is preserved through DIV60.

The precise extent of cellular homogeneity of this
neuronal culture is not yet fully ascertained, but it is
predominantly neuronal. There is, however, a low
level of astroglial contamination based on GFAP im-
munoblots. Morphological data derived from phase
contrast microscopy, EM, and immunocytochemistry
show the predominance of neurons. These neurons
can assume pyramidal neuron morphology, but den-
dritic spines are not prominent as in the in vivo state.
The nuclear morphology in normal cells stained with
Hoechst dye is very similar in the cell population, and,
after an apoptotic stimulus, the cells undergo apopto-
sis synchronously with a similar morphology. Both of
these observations indicate a homogeneous popula-
tion of cells. However, although these cell cultures are
mostly neurons, different types of neurons (pyramidal
vs. interneurons) could be present, but GABAergic

interneurons comprise <<5% of the neurons in rat
cortical cultures (De Lima and Voigt, 1997).

Methodological Considerations

A variety of methods are available for culturing nerve
cells. Primary neurons can be cocultured on a glial
feeder layer with serum (Banker and Goslin, 1991).
Glial cells support neurons in culture (Banker, 1980;
Unsicker et al., 1987) through humoral factors re-
leased into the culture medium and contact-dependent
interactions (Manthorpe et al., 1988). Glial condi-
tioned medium can modify gene expression in rat
hippocampal neuron culture, thus glial conditioned
medium may also affect neuronal activity (Lesuisse et
al., 2000). Astroglia protect neurons in culture from
toxicity (Ye and Sontheimer, 1998). Astroglia ac-
tively uptake glutamate, which is transformed enzy-
matically, by glutamine synthetase, to glutamine
(Hertz et al,, 1983; Schousboe et al, 1977). Glu-
tamine is an important precursor for nucleic acids and
proteins and is critical for cellular proliferation.
Primary neurons can be cultured also without a
glial feeder layer but in media that is serum-supple-
mented (Banker and Goslin, 1991). To block potential
excitotoxic effects of glutamate in the absence of
astroglia and to maintain primary hippocampal neu-
rons for 3—4 weeks, NMDA and AMPA receptors can
be blocked by supplementing culture medium with
pL-2-amino-5-phosphonovaleric acid and 6-cyano-7-
nitroquinoxaline-2,3-dione (Liao et al., 1999). Other
investigators use culture medium stpplemented with
fibroblast growth factor to keep primary neurons alive
for over 7 days in culture (Ray et al.,, 1993). Glial
feeder layers, glial conditioned medium, NMDA, and
AMPA receptor antagonists, or growth factors are
proven devices for maintaining routine long-term pri-

.mary neuron culture, but they render interpretation of

pharmacological and biochemical studies of neurons
in vitro far more complex.

The application of new serum-free medium sup-
plemented with B27, without added neutrophic fac-
tors or a glial feeder layer, has profoundly improved
neuronal survival in culture (Brewer et al.,, 1993). It
was reported originally that in Neurobasal-B27 me-
dium a nearly pure neuronal culture could be main-
tained for 4 weeks with >90% viability with cells
plated at 640/mm? and >50% viability of cells plated
at 160/mm? (Brewer et al., 1993). Assessment of glial
contamination was done by immunocytochemical de-
tection of GFAP in DIV4 cultures. Qur immunoblot-
ting results for GFAP confirm earlier work (Brewer et
al., 1993) and extend the characterization of these
cultures by showing the emergence of GFAP at




DIV20. The few astroglia in these cultures may pro-
liferate at DIV1S through DIV2S, and then cease to
divide after DIV25. However, the low concentrations
of amino acids in Neurobasal medium are insufficient
for glial proliferation (Brewer et al., 1993). A more
likely explanation is that the few astrocytes present
early in these cultures upregulate GFAP, but after
DIV20 the ratio of glial protein to neuronal protein
does not increase.

Despite the introduction of B27-supplemented
Neurobasal medium, studies of primary neuron cul-
tures for long term are very rare. Only two other
studies have demonstrated the benefit of serum-free
B-27 supplemented Neurobasal medium for long-term
neuronal culture (Aksenova et al., 1999; Xie et al.,
2000). Both of these previous studies used embryonic
rat hippocampal neurons instead of embryonic mouse
cortical neurons. The molecular viability of the hip-
pocampal neuron cultures was assessed in only one of
these studies, using B-actin as a marker, which de-
clined after DIV20 (Aksenova et al., 1999). We eval-
uated the expression of many proteins in our mouse
cortical neuron cultures, including GAPDH, B-tubu-
lin, synaptophysin, synapsin Ila, a- and B-synucleins,
as well as NMDA and AMPA glutamate receptors,
and found stable levels up to DIV60.

The paucity of information on long-term neuronal
cultures is likely due to the extreme technical diffi-
culty in culturing healthy dissociated primary neurons
for durations of 3—4 weeks or longer. Thus, our study
helps to fill this gap in the available data on long-term
culturing of neurons. Our success in establishing a
long-term culture of primary neurons could be attrib-
uted to reagents and technique. The use of Neurobasal
medium supplemented with B27 is critical. B27 con-
tains several antioxidants (Brewer et al., 1993) with
known protective actions on neurons, and we also
added B-mercaptoethanol to the medium, which has
been found to help sustain viability of mouse cortical
neurons in culture (Ishii et al., 1993). Other laborato-
ries usually do not supplement neuronal culture me-
dium with B-mercaptoethanol. The meticulous care in
processing cortices from the dissection to dissociation
steps may also contribute to the viability (Brewer,
1997). The trypsination of cortices is an important
early step for primary cortical neuron culture. We
incubate cortices at 37°C for 20 min in Hanks medium
supplemented with 10% (v/v) trypsin solution (Life
Technologies; catalogue #15090046). We have ob-
served that the effectiveness of trypsin varies in dif-
ferent batches. Trypsin effectiveness also decreases
with storage, possibly due to differences in enzymatic
activity; thus, the final concentration of activity used
for cortical digestion may vary. We also suspect that
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the trituration of cortical digests should not exceed
1015 times for long-term cultures. Rather than in-
creasing the trituration, it is advisable to routinely
chop the tissues into small pieces (as small as possi-
ble) and to use more trypsin (up to an additional
20%).

Protein Nitration Profiling in Aging
Mouse Cortical Neuron Cultures

We tested the hypothesis that neurons aging in vitro
accumulate oxidative damage. Only one other study
has reported a progressive increase in oxidative dam-
age in the form of protein carbonyl formation in rat
hippocampal neurons aging in culture (Aksenova et
al., 1999). The specific type of oxidative damage of
interest to us was via ONOOQO™ because of its possible
role in the pathogenesis of cortical neuron degenera-
tion after cerebral ischemia and in upper motor neu-
rons of individuals with ALS (Beckman et al., 1992;
Martin et al., 2000a, 2000b; Martin, 2001). ONOO—~
is a potent and relatively long lived reactive oxygen
species, formed by a reaction between superoxide and
nitric oxide (NO), which nitrates proteins through the
formation of nitrotyrosine (Beckman et al., 1992).
We tested the hypothesis that an accumulation of
protein damage is an age-related phenotype in cortical
neuron cultures. We used nitrotyrosine formation as a
bioassay for age-related oxidative damage to protein
in cortical neuron cultures. A band at ~55 kD showed
particularly prominent nitration in cortical cultures,
but the level of nitration varied little with in vitro
aging. A similar nitrated protein has been identified in
vivo in brain that is B-tubulin, and the nitration of
B-tubulin increases after cerebral ischemia (Martin et
al., 2000a). Other protein bands at about 60—80 kD
showed selective increases or decreases in nitration in
cortical neuron cultures. The size of these proteins is
consistent with the identification of nitrated low mo-
lecular weight neurofilament in human CNS (Strong
et al., 1998). Our findings are novel because the level
of protein nitration changes as cortical neurons age in
vitro. Interestingly, there appears to be a specific
protein nitration profile in aging cortical neurons.
Some proteins accumulate nitration, whereas other
proteins appear to show reduced nitration. Reduced
nitration may be due to decreased nitration of intact
protein or to degradation of nitrated protein. To our
knowledge, this is a new finding. The source of the
NO for the formation of ONOO™ is presently un-
known. Some of these cortical neurons are interneu-
rons (De Lima and Voigt, 1997) and thus may contain
NO synthase, thereby providing a source for NO.
Maintaining cortical neuron cultures beyond DIV20-25
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will allow for further exploration of protein nitration
profiling, the proteins that are vulnerable to ONOO™
attack at different stages of maturation, and the cel-
lular management of nitrated proteins, particularly in
older neurons.

Old Cortical Neurons Can Activate
Apoptosis Mechanisms

The structure of neuronal death after brain injury can
vary depending on animal age (Martin, 2001). We
examined whether older neurons can be stimulated to
undergo apoptosis, similar to younger cortical neu-
rons in culture. This experiment was done for two
reasons: as an indirect assay of the viability of re-
maining cortical neurons, and to begin to evaluate if
cell death mechanisms in young and old neurons are
different or similar. DIV5 and DIV60 neurons were
exposed to the DNA damaging agent CPT. Insulted
DIV60 neurons, like DIV5 neurons, activated apopto-
sis mechanisms, such as caspase-3 cleavage and
PARP inactivation. However, the magnitude of
caspase-3 cleavage in old and young neurons after
injury appears to be different. These observations
suggest that caspase-3 biochemistry is different in
stressed immature and mature neurons, further under-
scoring the usefulness of the long-term cortical cul-
ture. Age-related differences in caspase-3 activation
could partly explain observations on age-related dif-
ferences in neuronal cell death phenotypes that have
been identified in vivo (Martin, 2001). To better un-
derstand the influence of neuronal maturity on neuro-
nal cell death, immature and mature neurons need to
be used in in vitro models of cell death, once more
reinforcing the need for long-term cultures of neurons
from the same batches of embryos.

With in vitro neuronal death systems the general
health of the neurons undergoing the toxicological
stress is an important concern. Cell injury paradigms
with unhealthy cell systems will not likely yield in-
formation that accurately reflects a typical cellular
response and will be less relevant to the in vivo state.
If experiments are done on cells that will die sponta-
neously near the time at which an insult is delivered,
then inappropriate conclusions could be made on the
cell death mechanisms. It is important to document
the longevity of a neuronal cell culture system. In our
study, the cells were maintained until DIV60 and
could still activate molecular pathways for apoptosis.
Maintaining the cells to DIV60 was arbitrary. The
observations on apoptosis attest to the healthy condi-
tion of these long-term neuronal cultures and
strengthen our confidence that neuronal cell death
experiments on fully mature but younger cultures

(e.g., DIV25-30 neurons) will be representative of
initially healthy cells that are undergoing a stress or
toxin induced death process. This study is the first
demonstration of apoptosis in in vitro aged neuronal
cultures. Old cortical neurons, like young neurons,
undergo apoptosis in response to DNA damage and
can activate similar cell death mechanisms, including
caspase-3 activation.

Synaptogenesis in Mouse Cortical
Neuron Cultures

Mouse cortical neurons in culture can mature into
pyramidal-like neurons and develop extensive den-
dritic and axonal arbors and form numerous synapses.
At DIVS, expression of synaptic proteins (synapto-
physin, o- and $-synuclein) was very low. These
Western blot observations were confirmed by immu-
nolocalization studies of synaptophysin and by EM.
The levels of synaptic proteins were higher at DIV 10.
Synaptophysin reached highest levels (>10-fold) at
~DIV15-20. However, synapsin Ila protein became
expressed at appreciable levels only between DIV1S-
20, reaching highest levels at ~DIV30. NMDA re-
ceptor subunit NR1 and the AMPA receptor subunits
GIuR2/GluR3 were expressed by DIVS; thus, gluta-
mate receptor expression precedes the expression of
appreciable levels of presynaptic markers. We have
made this observation in prior Western blot studies of
fetal and postnatal brain development (Martin et al.,
1998b; Furuta and Martin, 1999). We also observed
with in vitro developing cortical neurons that the
levels of B-tubulin are surprisingly invariant. In rat
brain, the expression of B-tubulin was also found to
be unchanged from the embryonic to adult stages
(Martin et al., 1998b). It appears that aspects of syn-
aptogenesis in mouse cortical neuron culture are con-
sistent with in vive developmental events related to
synapse formation (Knaus et al., 1986; Fletcher et al.,
1991; Martin et al., 1998b; Furuta and Martin, 1999).

The functional significance of the observed
changes in glutamate receptor expression in develop-
ing mouse cortical neurons is not yet clear. Other
studies of dissociated cortical neurons cultured from
postnatal rat at 1-15 days old have identified normal
physiological properties for both NMDA and non-
NMDA glutamate receptors (Huettner and Baugh-
man, 1986). In cultures of rat neocortical neurons, the
frequency of spontaneous inward events is reported to
increase fourfold from DIV6-15 to DIV26-35, sug-
gesting that neurons in culture undergo major func-
tional changes during their maturation (Zona et al.,
1994).




« and g Synucleins Have Distinct
Dendritic and Axonal Localizations
during Development of Mouse Cortical
Neurons in Culture

In developing mouse cortical neurons we found that «
and B synucleins are localized differentially. Impor-
tantly, we observed for the first time that B-synuclein,
but not a-synuclein, is selectively localized within
dendritic growth cones. MAP2 and GIluR1 were used
as known markers for dendrites. Beta-synuclein was
present at the base of dendritic growth cones at DIV3,
suggesting a function in the formation or guidance of
growing dendrites in immature cortical neurons. The
visualization of B-synuclein in dendritic growth cones
is also another indicator of the integrity of these
cultured cortical neurons, because of the relative ease
of identifying growth cones in immature cultures us-
ing conventional microscopy.

We also found that B-synuclein undergoes promi-
nent changes in neuronal compartment localization
during cortical neuron maturation. Although B-synuclein
is targeted to dendritic growth cones in immature
neurons, in mature neurons B-synuclein is targeted to
axon terminals where it colocalizes with a-synuclein.
A synaptic terminal localization for - or B-synucle-
ins has been found previously in rat hippocampal
neuron cultures at DIV14 (Withers et al., 1997; Mur-
phy et al., 2000) and in adult mouse brain (Hsu et al.,
1998). In zebra finch cerebellum, synelfin (a-
synuclein) was found to overlap significantly with a
synaptic protein, synaptotagmin, but it remained un-
certain whether the localization was at pre- or
postsynaptic sites (George et al., 1995). Alpha- and
B-synuclein colocalization in synaptic terminals of
hippocampal neurons has been shown before (Murphy
et al., 2000). We show for the first time a prominent
colocalization of a- and B-synucleins in synaptic ter-
minals of cortical neurons but not in dendrites of
DIV20 cortical neurons.

CONCLUSION

The novelty of this study is found in six aspects. First,
the feasibility of maintaining a viable long-term pri-
mary mouse cortical neuron culture is demonstrated.
Second, a thorough characterization of this culture
from DIVS to DIV60 was done using microscopic and
immunoblotting methods. Third, old cortical neurons
(DIV60), like young neurons, were found to undergo
apoptosis in response to DNA damage and can acti-
vate similar cell death mechanisms. Fourth, protein
nitration is an age-related phenotype in neuronal cul-
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ture. Fifth, cortical neurons in vitro, like hippocampal
neurons, express glutamate receptors prior to the ma-
jor period of synaptogenesis. Sixth, B-synuclein, but
not a-synuclein, is present in dendritic growth cones
in developing neurons, and - and B-synucleins are
differentially localized in immature neurons but have
common presynaptic localizations in mature neurons.
This study is the first to evaluate aspects of neuronal
development and aging, as well as mechanisms of cell
death in immature and mature cortical neurons.

The authors are grateful for the expert technical assis-
tance of Frank Barksdale.
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